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"{isomerization)  reactions,  undergo  cyclization  reactions  leading  to  formation  o 
cyclic  ether  products.  A  general  reaction  scheme  for  autoxidation  of  any  syste' 
containing  alkyl  chains  with  carbon  number  greater  than  four  is  proposed, 
Absolute  rate  constants  for  formation,  isomerization,  and  cyclization  of  hydro- 
peroxyalkyl  radicals  have  been  determined  for  the  first  time  for  liquid-phase 
autoxidation  and  the  corresponding  Arrhenius  parameters  have  been  derived, 
Their  values  are  in  general  agreement  with  those  previously  determined  or  esti- 
mated^rfi  gas  phase  combustion  studies.  Results  of  kinetic  analysis  of  cleavage 
product  formation  are  consistent  with  two  modes  of  their  formation  in  the  entire 
range  of  oxygen  pressures  studied.  The  first  mode  involves  decomposition  oi 
aTY-hydroperoxyketone  species  and  the  second  reactions  of  alkoxy  radicals^ 

Determination  of  absolute  rate  constants  required  knowledge  of  the  rite  of 
initiation,  R-j,  at  each  experimental  condition.  Three  approaches  were  used  for 


that  purpose:  determination 


from  the  rate 


formation  of  terminatior 


products,  from  the  length  of  the  inhibition  period  caused  by  addition  of  ar 
antioxidant,  and  from  the  Initial  rate  of  antioxidant  consumption.  Correlator 
of  results  obtained  indicates  that  stoichiometric  factors,  n_,  for  2,6-di-tert- 
butyl-4-nethylphenol ,  MPH,  and  4,4‘-methylene-bis(2,6-di-tert-butylphenol )  al 
elevated  temperatures  are  much  lower  than  those  determined  at  low  temperatures 
{ 1 .0-1.2  and  2. 0-2. 6  vs.  2  and  4,  respectively)  while  n  for  N-phenyl-a- 
naphthylamine  does  not  appear  to  change  with  temperature.  Th  the  case  of  MPf 
this  was  confirmed  by  the  independent  kinetic  and  mechanistic  investigations. 

Kinetic  and  mechanistic  studies  of  inhibition  reactions  of  MPH,  and  reactions 
of  various  MPH  derived  intermediates  under  autoxidation  conditions  at  elevatec 
temperatures  revealed  that  the  presence  of  hyrirnnocoxi de?  affects  Inhibition 
mechanisms.  In  the  presence  of  excess  hydroperoxides,  conditions  typical  for 
our  stirred  flow  reactor  experiments,  the  most  important  reaction  of  MPH  derivec 
phenoxy  radicals  is  that  with  alkylperoxy  radicals  leading  to  formation  of  the 
corresponding  4-alkylperoxy-2,5-cyclohexadienone,  Q00R.  At  low  hydroperoxide 
concentrations,  conditions  typical  for  inhibition  in  technological  systems,  the 
disproportionation  reaction  of  phenoxy  radicals  leading  to  regeneration  of  MP.L 
and  formation  of  the  corresponding  quinonemethide  also  plays  an  important  role. 
In  both  cases,  however,  Q00R  is  a  major  source  of  free  radicals  which  effec¬ 
tively  reduces  n  for  MPH  at  elevated  temperatures.  In  order  to  assess  this 
reduction  quantitatively,  the  decomposition  reactions  of  a  series  of  Q00R  with 
R  =  (CH3 ) 3C— ,  tetralyl-,  and  i-,2-,  and  5-C15H33-  have  been  investigated  in  the  pre¬ 
sence  of  MPH.  Kinetic  analyses  of  the  results  yielded  values  of  rate  constants 
for  radical  and  non-radical  decomposition  of  Q00R  which  were  used  to  estimate _r 
for  MPH  as  equal  to  1.2  at  160°C. 

A  method  for  prediction  of  the  effects  of  structure  on  the  thermoxi dative 
stability  of  synthetic  ester  lubricants,  pentaerythri tyl  tetraalkanoates,  in  the 
presence  of  an  antioxidant  has  been  developed.  Kinetic  equations  for  the  inhi¬ 
bited  oxidation  of  these  lubricants  have  been  derived  using  the  above  proposed 
reaction  scheme. ■  Numerical  solutions  of  these  equations  yielded  the  values  of 
the  relative  inhibition  periods  as  a  function  of  antioxidant  stoichiometric  fac¬ 
tor  and  relative  reactivities  of  pcroxy  radicals  in  intra-  and  intermolecular 
hydrogen  abstraction  reactions  with  substrate  and  antioxidant.  The  inhibition 
periods  calculated  by  this  method  have  been  found  to  be  in  excellent  agreement 
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with  the  experimental  values  obtained  for  jv-Cg  through  _rv-Cg  pentaery thri tyl 
tetraalkanoates  containing  1  weight  percent  N-phenyl-a-naphthylami ne  at 
232°C. 

Laboratory  studies  of  wear  behavior  were  carried  out  with  penta- 
erythrityl  tetraheptanoate  (PETH),  jv-hexa decane  (HD),  and  a  synthetic  hydro¬ 
carbon  (SHC)  in  the  presence  and  absence  of  oxidation  products  using  a 
Four-Ball  Apparatus.  In  PETH,  the  presence  of  oxidation  products  increased 
wear  while  in  SHC  a  reduction  in  wear  was  observed.  With  PETH,  higher  wear 
was  observed  on  the  rotating  ball  than  on  the  three  stationary  balls  above  a 
critical  test  speed.  With  SHC,  the  direction  of  this  wear  asymmetry  was 
reversed.  With  HD,  wear  kinetics  and  asymmetry  were  significantly  affected 
by  the  type  and  distribution  of  oxidation  products.  Results  with  model  oxi¬ 
dation  products  added  into  HD  suggest  that  carboxylic  acids  and  difunctional 
hydroperoxides  are  effective  in  reducing  the  stationary  ball  wear  while 
monohydroperoxides  do  not  appear  to  affect  it  over  the  range  of  conditions 
employed  in  these  experiments. 
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STATEMENT  OF  WORK 


The  contractor  shall  furnish  scientific  effort  together  with  all 
related  services,  facilities,  supplies  and  materials,  needed  to 
conduct  the  following  research: 

a.  Determine  the  kinetics  and  mechanisms  of  the  oxidative 
and  thermal  reactions  of  the  model  lubricant,  jv-hexa decane,  and 
the  synthetic  ester  lubricant,  pentaerythrityl  tetraheptanoate, 
in  the  presence  and  absence  of  antioxidant  additives  at  tempera¬ 
tures  from  160  to  200*C,  at  oxygen  pressures  from  5  to  20  kPa, 
and  at  reaction  limes  from  20  to  30-*  seconds  utilizing  stirred 
flow  and  batch  reactor  techniques. 


b.  Investigate  the  effects  of  the  reaction  products  obtained 
under  conditions  specified  in  "a"  on  the  wear  behavior  in  systems 
lubricated  by  the  model  hydrocarbon  and  synthetic  ester  lubricants 


INTRODUCTION 


Basic  information  on  lubricant  deterioration  and  wear  phenomena  occurring 
in  lubricant  systems  exposed  to  oxidative  environments  at  high  temperatures  had 
not  been  available  due  to  inherent  limitations  of  conventional  experimental 
techniques.  Application  of  stirred  flow  reactor  methods  in  our  previous  studies 
led  to  the  elucidation  of  the  kinetics  and  mechanisms  of  the  autoxidation  reac¬ 
tions  of  the  synthetic  ester  lubricant,  pentaerythrityl  tetraheptanoate,  at  180 
to  200®C  and  of  a  model  hydrocarbon  lubricant,  ri_-hexadecane,  at  120  to  180*C, 
at  an  oxygen  pressure  of  ~110  kPa,  and  to  the  discovery  of  increased  wear 
phenomena  caused  by  low  concentrations  of  the  hydroperoxide  and  di carboxylic 
acid  oxidation  products  of  the  ester. 

The  present  research  is  an  extension  of  that  work  to  studies  of  the 
deterioration  reactions  and  wear  behavior  of  model  hydrocarbon  and  synthetic 
ester  lubricants  at  reduced  oxygen  pressures  including  atmospheric  conditions. 
Since  such  oxygen  pressure  conditions  exist  in  actual  service  applications  of 
lubricants,  the  results  derived  from  these  studies  will  not  only  yield  basic 
information  on  an  important  but  unexplored  area  of  free  radical  chemistry  but 
will  also  provide  a  technical  basis  for  improvements  in  practical  lubrication 
systems  operating  under  ambient  oxygen  pressures. 
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PREFACE 

This  is  the  final  report  on  the  work  carried  out  during  the  period  May  1, 
1980  to  April  30,  1983  under  the  Air  Force  Office  of  Scientific  Research/Fcrd 
Motor  Company  Contract,  F49620-80-C-0061 ,  entitled  "Time-Temperature  Studies  of 
High  Temperature  Deterioration  Phenomena  in  Lubricant  Systems:  Synthetic  Ester 
Lubricants". 

Results  of  our  investigations  of  the  inhibited  autoxidation  of  pen- 
taerythrityl  tetraheptanoate  and  other  tetralkanoates  are  described  in  the  paper 
entitled  "Effects  of  Structure  on  the  Thermoxi dative  Stability  of  Synthetic 
Ester  Lubricants:  Theory  and  Predictive  Method  Development".  The  paper  was 
presented  at  the  Symposium  on  Synthetic  and  Petroleum-Based  Lubricants,  at  the 
183rd  ACS  Meeting  in  Las  Vegas,  Nevada,  and  published  in  PREPRINTS  of  Division 
of  Petroleum  Chemistry  {Attachment  I). 

Studies  of  wear  behavior  of  pentaery thri tyl  tetraheptanoate  and  a  synthetic 
hydrocarbon  leading  to  discovery  of  wear  asymmetry  are  described  in  the  paper 
entitled  "Wear  Asymmetry  -  A  Comparison  of  the  Wear  Volumes  of  the  Rotating  and 
Stationary  Balls  in  the  Four-Ball  Machine".  This  paper  was  presented  at  the 
37th  ASLE  Annual  Meeting  in  Cincinnati,  Ohio,  and  published  in  ASLE  Transactions 
(Attachment  II). 

Abstracts  of  other  presentations  describing  work  performed  under  this 
contract  are  in  Attachment  III. 

The  unpublished  research  results  are  described  in  Darts  I-VII  of  tin's 
report.  Studies  of  effects  of  reduced  oxygen  pressures  on  product  formation 


5 


In  the  liquid-phase  autoxi dation  of  jv-hexadecane  at  160  to  190°C  are  presented 
in  Part  I.  A  kinetic  analysis  based  on  the  above  studies  resulting  in  deter¬ 
mination  of  the  absolute  rate  constants  and  Arrhenius  parameters  for  formation, 
isomerization,  and  cyclization  reactions  of  hydroperoxyalkyl  radicals  is  in 
Part  II.  Determination  of  a  basic  kinetic  parameter,  rate  of  initiation, 
which  is  required  for  calculation  of  absolute  rate  constants  for  autoxidation 
reactions  at  elevated  temperatures,  is  discussed  in  Part  III,  Investigations  of 
inhibition  mechanisms  of  2,6-di -tert-butyl-4-methylphenol  at  elevated  tem¬ 
peratures  are  presented  in  Part  IV.  These  inhibition  studies  are  extended  into 
kinetic  investigations  of  the  contribution  of  major  inhibitor  reaction  inter¬ 
mediates  to  the  rate  of  initiation  described  in  Part  V.  This  work  was  presented 
at  the  Symposium  on  "Inhibition  of  Liquid  Phase  Autoxidation  Reactions,"  at  the 


184th  ACS  Meeting  in  Kansas  City,  Missouri.  A  novel  KPLC  procedure  used  for 
analysis  of  autoxi daticn  products  throughout  our  studies  is  described  in  Par l 
VI  and  is  being  printed  the  Journal  of  Chromatographic  Science.  A  study  of  the 
effects  of  autoxidation  products,  formed  in  a  model  hydrocarbon  lubricant  at 
low  and  high  oxygen  pressures,  on  wear  behavior  is  the  subject  of  Part  VII. 


It  is  anticipated  that  following  the  completion  of  a  limited  number  of 
additional  experiments  each  Part  will  be  prepared  and  submitted  for  publication 
in  technical  journals.  The  respective  authors  of  these  papers  are  indicated  at 
the  beginning  of  each  Part. 


The  following  symbols  are  used  throughout  this  report  to  designate 
major  substrates  and  antioxidants: 

HD  =  n-Hexadecane 

PETH  -  Pentaerythri tyl  tetraheptanoate 

MPH  =  2,5’ Di ■  tci  t  'buty  1  ~4~j.it- city  1  phenol 

PAM  =  N-Penyl-a-naphthylami ne 

BPH  =  4,4,-Methylene-bis(2,6-di-tert-butylphenol ) 


EFFECTS  OF  OXYGEI1  PRESSURE  Otl  LIQUID  PHASE  AUTOXIDATIOH 
of  jt_— HEX  AH  ECAUE  AT  160  TO  190°C. 

R.  K.  Qcnsen,  S.  Korcek,  L.  R.  Mahoney  and  M.  Zinbo 


INTRODUCTION 


Investigations  of  the  liquid  phase  autoxidation  of  jv-hexadecanc-  with  pure 
oxygen  carried  out  in  the  stirred  flow  mi croreactor  at  100  to  110  kPa  and  120  to 
180°C  led  to  the  discoveries  of  a,y  and  a, 6  intramolecular  hydrogen  abstraction 
reactions  of  alkylperoxy  radicals*  and  the  cleavage  reaction  of  a,y-hydroperoxy- 
ketones.2  The  occurrence  of  intramolecular  hydrogen  abstraction  reactions 
explained  the  formation  of  di functional  oxidation  products,  namely  a,y  and  a, 6 
di hydroperoxides  and  hydroperoxy  substituted  ketones,  which,  together  with  mono¬ 
hydroperoxides,  are  the  major  primary  oxidation  products  at  these  reaction 
conditions.*  The  cleavage  reaction  of  <x,y-hydroperoxyketones  was  found  to  be  one 
of  the  two  independent  processes  of  cleavage  product  formation.2  It  accounted 
for  the  formation  of  cleavage  methyl  ketones  and  50-60%  of  alkanoic  acids.  The 
formation  of  remaining  cleavage  products  was  explained  by  a  complex  sequence  of 


reactions  which  starts  by  °-scissi  on  and  intramolecular  hydrogen  abstraction 


reactions  of  alkoxy  radicals. 


In  the  present  study  we  describe  the  results  of  our  investigations  of  the 
effects  of  oxygen  pressure  on  kinetics  and  mechanisms  of  _r^-hexadecane  autoxida¬ 
tion  at  elevated  temperatures.  The  range  of  oxygen  pressures  studied  was  4-120 
kPa  which  includes  atmospheric  conditions. 
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EXPERIMENTAL 

The  reaction  techniques,  some  of  the  analytical  procedures  and  materials 
used  in  this  study  were  described  previously.**^*3 

Stirred  Flow  Microreactor.  The  stirred  flow  mi croreactor  system  used  for 
the  autoxidation  of  n-hexadecane  was  modified  to  allow  the  introduction  of  oxi¬ 
dation  gas  mixtures  of  oxygen  and  argon  at  different  oxygen  pressures.  The  flow 
rates  of  each  gas  were  measured  using  mass  flow  meters  (Matheson  Models 
8160-0452  and  8143). 

Product  Analysis.  Primary  C^g  oxidation  products  were  determined  by  GLC 
analyses  of  oxy  fractions  obtained  from  silica  gel  separation  of  sodium  boro- 
hydride  and  triphenylphosphine  reduced  oxidates*  using  a  packed  Silar  IOC  column 
and  a  bonded-phase  fused  silica  capillary  column  (DB-5;  60m  x  0.317  mm  ID). 
Typical  chroma togrars  obtained  with  the  packed  Silar  IOC  column  are  shown  in 
Figure  1. 

c16  cyclic  ethers,  -CHiCH-^CH-,  were  detected  by  the  above  technique 
only  in  the  low  oxygen  pressure  experiments.  Their  GLC  peaks  overlap  those  for 
c12 — C14  2-alkanols  (from  methyl  ketones)  and  Cjj  and  C^  1-alkanols  (from 

1-oxo  and  1-oxyalkanes),  Better  separation  of  Cjg  cyclic  ether  products  and  1- 
and  2-alkanols  in  113884  reduced  samples  was  obtained  using  the  capillary  column. 
This  analysis  was  performed  using  a  Perkin-Elmcr  Sigma  3  gas  chromatograph  with 
a  flame  ionization  detector,  and  an  on-column  injection  system  (J  £  W 
Scientific,  Inc).  A  Perkin-Elmer  Sigma  10  Data  Station  was  used  for  recording 
and  integration.  One  microliter  samples  were  injected  at  room  temperature  using 
a  timed,  reduced  inlet  pressure  technique/’  The  linear  flow  rate  of  hydrogen  was 
60  cm/s  at  225  kPa,  injection  port  temperature  75°C,  and  detector  temperature 


DETECTOR  RESPONSE 
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Figure  1  Chromatograms  of  oxy  fractions  from  NaBH4  reduced  n_-hexadetane 
oxidates  (180®C,  runs  149  and  225)  obtained  using  a  packed  Silar 
IOC  column. 
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185*C.  The  oven  was  programmed  from  90  to  175°C  with  a  post  injection  time  of 
15  minutes  and  heating  rate  of  2°C/min.  Typical  chromatograms  obtained  from 
this  analysis  are  in  Figure  2.  The  only  peaks  which  interfere  with  deter¬ 
mination  of  C15  cyclic  ethers  are  those  of  1-tetradecanol  and  2-pentadecanol 
both  of  which  are  relatively  minor.  The  sensitivity  of  this  method  is  such  that 
Ci6  cyclic  ethers  can  also  be  determined  in  the  high  oxygen  pressure  samples 
(detection  limit  is  0.5  ng/mL).  Identification  of  Cj 6  cyclic  ethers  was 

accomplished  by  an  ancillary  gas  chromatographic-CI  mass  spectrometric  analysis 
and  by  gas  chromatography  of  synthesized  standards.  A  chromatogram  of  an  oxi¬ 
dized  ji_-hexadecane  sample  separated  on  silica  gel  to  concentrate  C^g  cyclic 

ethers  is  in  Figure  3.  Peak  assignments  for  Ci6  cyclic  ethers  are  based  on 
retention  times  of  2-methyl-5-undecyloxolane  and  2-ethyl-5-decyloxolane 
which  were  synthesized  by  the  method  of  Reynolds  and  Kenyon5  from  2,5-  and 

3,6-hexadecanediols.1 


Hexadecanal  and  2— 8-hexadecanones,  F 1 — 8- R ' CO- 1 ,  were  determined  by  HPLC 
after  deri vatization  using  jr-ni trobenzyloxyami ne  hydrochloride  (PtlBA).5  An  ali¬ 
quot  (0.2-0. 5  ml)  of  a  triphenylphosphine  reduced  oxidate  mixed  with  10-15  mg 
PNBA  and  200  pL  pyridine  was  heated  at  60*C  for  1  hour.  The  mixture  was  then 
transferred  to  a  separatory  funnel  with  CHgClg  and  washed  with  dilute  HC1. 
After  washing,  the  CH2C1 2  layer  was  separated  and  evaporated.  The  derivatives 
obtained  were  dissolved  in  a  known  volume  of  CH2C1 2 •  HPLC  was  performed  using  a 
Radial-PAK  C18,  10p,  5  mm  ID  cartridge  (Waters  Assoc.),  mobile  phase  of 

H20:CH30H:CH2Cl2:CH3CN  (7:8:25:60)  at  a  flow  rate  of  0.6  mL/min,  and  detection 
at  280  nm. 


DETECTOR  RESPONSE 
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TIME/min 

Figure  2  Chromatograms  of  oxy  fractions  from  NaBH/j  reduced  ro-hexadecane 
oxidates  (1RQ#C,  runs  151  and  260)  obtained  using  a  bonded  phase 
fused  silica  capillary  column. 
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Figure  3  Chromatogram  of  an  oxy  fraction  from  NaBfy  reduced  n-hexadecane 

oxidate  vjhich  has  been  concentrated  in  Cjg  dTalkyloxolanes  by 
silica  gel  chromatography.  Peak  assignments  (cl s  and  trans  isomers) 
are:  2-methyl-5-undecyloxo1ane,  h  and  i;  2-ethyl-5-decylo>-.olane, 

f  and  g;  2-propyl-5-nonyloxolane,  c  and  e;  2-butyl-5-octyloxolar,e, 
b  and  d;  2-pentyl -D-heptyloxolane,  a  and  c;  and  2,5-di-hexyloxolane, 
a  and  c. 


•'  i^flnlftili'i  i  rm  i  ii 
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The  carbon  oxides  were  determined  by  a  Fourier  Transform  Infrared  method 
which  also  allowed  estimation  of  other  trace  gaseous  products.7  Table  I  shows 
typical  results  obtained  from  this  analysis. 


RESULTS  AilD  DISCUSSION 


Oxidation  Products.  Results  of  analyses  of  samples  obtained  from  the 
autoxidation  of  _n-hexadecane  in  a  stirred  flow  mi croreactor  at  160  to  1S0#C  and 
4  to  120  kPa  oxygen  pressure  are  summarized  in  Tables  II  and  III. 


The  Ci6  primary  oxidation  products  include  i)  isomeric  hexadecylhydroper- 
oxides,  ROOM,  determined  in  sodium  borohydride  reduced  oxidates  (subscript  A)  as 
hexadecanols, (R0H)A,  ii)  isomeric  hexadecanedihydroperoxi des,  RCOOH)^,  and  hydro- 

pcroxyhcxariccanoncs,  H00R-0,  determined  together  as  hexadecanedi els,  {R(0!!'^)A> 

. - 0 - , 

and  iii)  isomeric  dialkyl  oxolanes,  -CH(CH2)2CII-.  Termination  products, 
isomeric  hexadecanones,  R’CCR",  were  determined  in  triphenylpnosphine  reduced 
samples  either  directly  or  after  deri vatization. 


The  cleavage  products  include  homologous  series  of  i)  alkanoic  acids, 
R'COOH,  determined  after  esterification,  ii)  methyl  ketones,  Cl^COR' ,  determined 
as  secondary  alcohols,  (CH3CH ( OH ) R ' )A,  and  iii)  1-oxo  and/or  1-oxy  alkanes  (aldehydes, 
primary  hydroperoxides,  primary  alcohols)  determined  as  primary  alcohols, 
(R'CH20H)A,  and  »l202,  CO  and  C02. 

Reaction  Scheme.  A  reaction  scheme  which  accounts  for  the  results  of  _n_- 
hexadecane  autoxidation  at  elevated  temperatures  obtained  ir  this  study  and  in 
our  previous  work**?  is  in  Figure  4.8  According  to  this  scheme,  initiation  of 
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Table  I.  Results  from  FTIR  analysis  of 
non-condensible  gases  (run  215). 


Compound 

Carbon  Dioxide 

25.01 

Carbon  Monoxide 

14.4 

Formaldehyde 

1 

Ethylene 

2 

Ketene  CH2CO 

0.5 

Ace  tone 

12 

Methylethylketone 

10 

Butanal  CM3(CH2)2CH0 

-  8 

Pentanal  CH3(CH2)3CH0 

-  0.5 

Other  Hydrocarbon  as  C3 

-  3 

Blank  sample  contained  1.1  ppm  carbon  dioxide 


/ 
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TABLE  III.  Analysis  of  Cleaveys  Products  iron  the  Aut oxidation  of 
n-Hexadecane  in  the  Stirred  Floy  Microreader. - 


Temp  P 

r 

Run 

[R  'C00H3- 

[CHiCH(vH>R,j|  Z 

F ■ CH2 CH 

r.,  , d 

lri2  -.'2  J  “ 

CCCO£  [CC2  j- 

<°C)  (KPa ) 

(s) 

(nM) 

160  4.66 

340 

245 

0.086 

0.846 

0.06 

•  4.60 

654 

244 

0.428 

3.232 

0.17 

8.96 

337 

249 

0.135 

0.057 

8.61 

653 

243 

0.784 

0.337 

0.46 

15.95 

33S 

253 

0.232 

0.081 

0.14 

15.85 

655 

251 

1.45 

0.57 

0.79 

180  5.0 

93 

224 

O.033 

0.026 

0.037 

5.0 

178 

223 

0.213 

0.149 

0.15 

0.13 

4.63 

1 06 

nen 

0.22 

0.27 

7.34 

186 

253 

0.47 

0.40 

12.6 

78 

O  1  G 
«-  *  -  • 

3.164 

0.117 

8.C44 

S.14 

12.2 

!  ww 

O  f  o 

i  Z 

w  •  »  4  -/ 

n>  a  -?-? 

1  W»tl  w' 

S.24 

8.31 

11.4 

154 

216 

0.76(7) 

2  0.54 

0.35 

0.31 

0.043  0.095 

12.1 

181 

217 

1.30 

0.85 

8.55 

0.49 

11.3 

198 

215 

1.14(2) 

2  0.84(8)2 

0.65(6)2 

0.39 

0.333  0.3*2 

20.2 

140 

225 

1 .33 

1 .33 

0.46 

0.52 

19.25 

167 

260 

1.40 

0.67 

0.68 

33.7 

2G3 

153 

7.69 

4.08 

1.17 

0.23  0.85 

56.6 

197 

152 

9.69 

5.37 

1.44 

0.25  1.23 

110 

78 

153 

1.13 

0.48 

0.6 

0.008  8.397 

110 

143 

149 

6.13 

2.97 

0.72 

2.5 

0.075  3 . 6 O' 

110 

202 

151 

15.4 

8.98 (25)2 

2.53(12  )2 

5.8 

0.25  1.77 

190  4.99 

69.3 

252 

0.P73 

0.101 

7.71 

68.7 

255 

0.153 

0.174 

0.05 

10.20 

69.6 

266 

0.22 

0.21 

0.11 

15.45 

69.2 

253 

0.40 

0.26 

0.20 

20.36 

63.8 

£67 

0.65 

0.39 

0.28 

117 

66.2 

264 

3.41 

1.56 

1.41 

-  See  -  in  Table  II.  -  By  potent ionetric  acid-base  titration.  See 
Ref.  2.  -  Calculated  as  in  Ref.  2.  -  By  i ebons  trie  titration.  See 
Ref.  1.  £  By  FTIR.  *  See  £  in  Table  III 


CO  CO 
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Reaction  Scheme.  A  reaction  scheme  v/hich  accounts  for  the  results  of  n- 
hexadecane  autoxidation  at  elevated  temperatures  obtained  in  this  study  and  in 
our  previous  work^»^  js  j n  Figure  4.^  According  to  this  scheme,  initiation  of 
autoxidation  occurs  via  the  homolytic  decomposition  of  peroxidic  products,  reac¬ 
tion  1.  This  reaction  ultimately  leads  to  formation  of  alkyl  radicals,  R«, 

which  react  with  oxygen  to  produce  alkylperoxy  radicals,  RC>2»,  reaction  2. 
Alkylperoxy  radicals  either  undergo  irreversible  i ntermolecular  hydrogen 
abstraction,  reaction  3,  producing  monohydroperoxide  products,  ROOH,  or  rever¬ 
sible  intramolecular  a,y  (m=l)  and  a, 6  (m=2)  hydrogen  abstraction,  reactions  4, 
leading  to  a,y  and  a, 6  hydroperoxy  substituted  carbon  radicals,  HOOR*.  These 

carbon  radicals,  depending  on  oxygen  pressure,  can  either  i somerize,  reaction 

-4,  or  undergo  intramolecular  cyclization  (a, 6  only),  reaction  10,  to  produce 

, - 0 - , 

Ci6  cyclic  ethers,  -CH(CH2)2CH-,  and  hydroxyl  radicals,  or  irreversibly  react 
with  oxygen  to  give  hydroperoxy  substituted  peroxy  radicals,  H00R02-,  reaction 
2'.  These  hydroperoxyperoxy  radicals,  similarly  as  R02»,  can  undergo  inter- 
molecular  hydrogen  abstraction,  reaction  3’,  to  form  di hydroperoxides,  R(00H)2, 
and  intramolecular  abstraction  of  secondary  hydrogen,  similar  to  reaction  4, 

which  leads  to  trifunctional  oxidation  products.  In  addition  to  reactions  2' 
and  4  H0ORO2*  undergo  an  intramolecular  abstraction  reaction  of  tertiary 

hydrogen,  reaction  4*,  to  form  hydroperoxy  substituted  ketone  products,  H00R=0, 
and  hydroxyl  radical.  The  a,y-hydroperoxyketone  products  undergo  molecular 
decomposition  to  methyl  ketones,  Ci^COR',  and  alkanoic  acids,  R'COOH,  via  reac¬ 
tion  7. 

Formation  of  Primary  C15  Products.  Results  of  our  present  kinetic  investi- 


Initiation  Termination  and  Alkoxy  Radical  formation 


Figure  4  Reaction  scheme  for  the  autoxidation  of  ^-hexadecane  at  elevated 
temperatures. 
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gations  and  these  reported  previously* show  that  the  rates  of  fornation  of 
hydroperoxi des  at  a  given  hydroperoxide  concentration  decrease  i)  with  decreasing 
oxygen  pressure  (Figure  5)  and  ii)  with  increasing  temperature  (e.g.  at  [ -00 H ] 
of  10  n’l  the  rates  at  100,  100,  and  190°C  and  5  k?a  are  equal  to  ca.  07,  46,  and 
36"  of  the  corresponding  110  kPa  values).  These  decreases  are  mostly  due  to  the 
decreased  rates  of  formation  of  difunctional  hydroperoxi do  products  which  are 
more  pronounced  with  those  or,y  substituted  (Figure  6).  The  rates  of  formation 
of  monohydroperoxi de  products  (Figure  7)  are  much  less  affected  by  reduced  oxy¬ 
gen  pressures.  From  all  products  analyzed,  only  the  rates  of  formation  of  Ci6 
dialkyloxolanes  increase  with  decreasing  oxygen  pressure  (Figure  8).  Results 
obtained  at  160  and  190°C  arc  similar  to  those  shown  in  Figures  5-8  for  180'C. 

The  above  kinetic  information  suggests  that  concentration  of  H00R02** 
decreases  with  decreasing  nvygnn  nroesuro  mere  than  that  of  R02* .  Such  pre¬ 
ferential  decrease  must  be  due  to  the  occurrence  of  reactions  -4  and  10  which  at 
lower  oxygen  pressures  effectively  compote  for  H00R®  with  reaction  2’.  tio  such 
competitive  reactions,  besides  termination,  consume  R®  which  react  with  oxygen 
to  give  R02®  via  reaction  2.  Based  on  a  kinetic  analysis  for  the  proposed 
scheme  (Figure  4),  the  ratio  of  [HOORO2®]  amd  [RO2®],  ii>,  is  given  by  expression  I 


[a,y-H00R02*]  +  r«»‘5-M00R02®] 
<l>  - - 

[ro2*] 


k4- 


<*»Y 


^4-a,6 


k3[RH]  +  k4*- 


at.Y 


1  + 


k-4-a.,y 

T^ToiT 


k3[RH]  +  k4*_(,t£> 


1  + 


-4- 


k  p  1 


LOiT 


*10-.V 


(I) 


®  11-13 

6  19-20 

©  34 
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Figure  5  Rate  of  formation  of  hydroperoxides  vs.  [-00H]V2  at  180®C  and  at 
different  oxygen  pressures. 
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and  the  ratio  of  [a,6-H00R»]  to  [R02»],  9,  by  expression  II:8 


[a,6-H00R*]  k4-a,& 

[R02«]  k-4-a,6  +  k10-a,6  +  k2'-a,6C°2^ 


At  high  oxygen  pressures,  when  k2 1 C O2 1  >>  k_4  +  kjo>  4>  approaches  its  maximum 
while  0  approaches  its  minimum.  At  oxygen  pressures  within  our  experimental 
range  (4-120  kPa)  the  values  of  &  and  9  will  depend  on  the  relative  values  of 
k2'[02]  and  k_4  +  kjg-  It  is  clear,  however,  that  with  decreasing  oxygen 
pressure  will  decrease  while  9  will  increase.  This  is  consistent  with  the 
decreased  rate  of  formation  of  difunctional  hydroperoxide  products  and  increased 
rate  of  formation  of  Cjg  dialkyloxolanes  at  lower  oxygen  pressures,  since  these 
rates  are  proportional  to  [HO0RO2«]  and  [a,6-H00R®],  respectively. 


The  concentration  of  R02«  is  given  by  expression  III, 


[R02«]  = 


(Rro2«)1/2  l 

(2xk5  +  2k6)  V2  (1  +  4,) 


(III) 


where  Rro2*  1S  the  rate  of  formation  of  R02*,  which  at  high  oxygen  pressures  is 
equal  to  the  rate  of  initiation,  Rj.  Expression  III  suggests  that  [R02«] 
approaches  its  minimum  when  k2»[02]  >>  k>4  +  k^g,  i.e.,  at  high  oxygen 

pressures.  If  Rro2*  remains  the  same,  [R02»]  should  increase  with  decreasing 
oxygen  pressure.  Under  such  conditions,  the  rate  of  formation  of  monofunctional 
hydroperoxide  products  should  also  increase  with  decreasing  oxygen  pressure 
since  the  rate  is  proportional  to  [R02«].  However,  no  such  increase  has  been 
observed.  Instead,  no  change  at  160°C  and  some  decreases  at  180  and  190"C 
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occurred.  The  lower  the  oxygen  pressure,  the  lower  [-00H]  at  which  decreases 
were  observed.  This  finding  suggests  that  at  a  given  oxygen  pressure  there  is  a 
certain  limiting  [-00H],  i.e.,  limiting  rate  of  initiation,  at  which  the  oxygen 
supply  and  concentration  become  insufficient  to  transform  all  R*  to  RC>2»  and 
that  under  such  conditions  alkyl  radicals  also  contribute  to  termination.  In 
such  case  Rro2«  at  low  oxygen  pressures  must  be  lower  than  Rro2«  at  hi9h  oxygen 
pressures  and  lower  than  Rj.  This  view  is  supported  by  results  shown  in  Figure 
9  where  the  rates  of  initiation,  determined  from  the  rates  of  formation  of  ter¬ 
mination  products,10  Rt(R02*)»  are  Plotted  against  [-00H].  The  lower  values  of 
Rt ( R02* )  at  lower  oxygen  pressures  confirm  reduced  contribution  of  RC>2*  and  some 
contribution  of  R«  to  termination. 

The  increased  concentration  of  R«  may  also  be  a  contributing  factor  leading 
to  the  change  of  mcnchydroperoxi de  isomer  distribution  exhibited  by  decreased 
formation  of  primary  I-hexadecylhydroperoxide  at  low  oxygen  pressures  (Figure 
10).  This  indicates  lower  concentration  of  primary  R02*  at  low  oxygen 
pressures.  It  can  be  explained  by  the  lower  concentration  of  non-selective  ®0H 
radicals  due  to  decreased  rate  of  their  formation  from  reaction  4*  and/or  by 
higher  concentration  of  secondary  R»  and  R02*.  These  higher  concentrations 
would  result  from  higher  reactivity  of  primary  versus  secondary  R*  in  radical 
transfer  reaction  with  secondary  hydrogens  of  RH.  Consequently,  the  ratio  of 
overall  reactivity  of  primary  versus  secondary  hydrogens  in  hydrogen  abstraction 
reactions  by  mixture  of  free  radicals  present  In  the  autoxidized  jv-hexadecane  at 
high  oxygen  pressures  is  found  to  be  1:5  while  at  oxygen  pressure  of  5  kPa  it 
Is  1:14. 


*  - 
1 


10  R 


0.8 


0.4 


20  40 

[-00H]/mM 


Figure  9  Rate  of  formation  of  peroxy  radical  termination  products  as  functl 
of  t-OOH]. 
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Formation  of  Cleavage  Products.  A  reaction  scheme  which  depicts  formation 
of  cleavage  products  is  in  Figure  11.2  Methyl  ketones,  CH3COR',  and 
corresponding  equimolar  amounts  of  alkanoic  acids,  R'COOH,  are  formed  from 
cleavage  of  a.y-hydroperoxyketones,  reaction  7.  Excess  alkanoic  acids, 

(R' C00H)exc,H  and  all  other  cleavage  products  originate  from  reactions  of  alkoxy 
radicals.  Initial  step  in  the  latter  sequence  is  B-scission  of  alkoxy  radicals 
leading  to  the  formation  of  an  aldehyde  and  an  alkyl  radical,  reaction  8,  which  is 
followed  by  an  abstraction  of  aldehydic  hydrogen,  reaction  11,  decarbonylation 
of  intermediate  acyl  radicals,  reaction  12,  formation  of  alkanoic  acids  by  reac¬ 
tion  sequence  13a-13c,  decarboxylation  of  alkanoic  peracids,  reaction  13d,  and 
formation  of  lower  molecular  weight  primary  hydroperoxides,  reaction  14.  The 
formation  of  hydrogen  peroxide  could  be  explained  by  a, A  intramolecular  abstrac¬ 
tion  reactions  of  alkoxy  radicals,  reaction  Da,  followed  by  the  series  of 
reactions  9b  leading  to  aldehydes,  acids,  H2O2,  and  ethylene. 

The  rates  of  formation  of  major  cleavage  products,  C^COR’  and  R’COOH,  at 
low  oxygen  pressures  are  significantly  lower  than  those  at  high  oxygen  pressures 
and  the  same  rate  of  initiation.  The  decreased  rate  of  formation  of  CHgCOR' 
(Figure  12)  reflects  a  decreased  rate  of  formation  of  a,y-hydroperoxyketones, 
while  the  decreased  rate  of  formation  of  (R'C00H)exc  (Figure  13)  indicates  the 
decreased  rates  of  formation  of  alkoxy  radicals  and/or  of  their  subsequent  reac¬ 
tions.  In  the  following  sections  the  rates  of  formation  of  excess  cleavage  pro¬ 
ducts  ((R’C00H)exc  and  all  other  cleavage  products  except  CH3C0R' )  are  compared  to 
the  rate  of  formation  of  R0»  in  terms  of  kinetic  chain  length. 


Figure  11  Reaction  scheme  for  the  formation  of  cleavage  products  in  the 
autoxidation  of  _n_~hexadecane  at  elevated  temperatures. 
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Figure  12  Rate  of  formation  of  cleavage  methyl  ketones  vs.  [-00H]V2  at  180#C 
and  different  oxygen  pressures. 


hydrocarbon  alr.cxy  radicals  are  formed  in  the  homolysis  of  hydroperoxide  pro¬ 
ducts,  reaction  1,  and  via  nonterni nating  deconpos i ti on  of  tetroxide,  reaction 
5a,  12,13  y/here  (1  -  x_)  is  that  fraction  of  alkoxy  radicals  which  survive  ter¬ 
mination  reaction  and  diffuse  fron  the  solvent  cage. 

The  kinetic  chain  length  for  the  formation  of  alkoxy  radicals,  vRq„,  is 
then  given  by  eq.  IV: 

( d[R0«]\  /  dCRO^A 

\  dt  J 1  y  dt  )  5a  (IV) 

VR0*  =  - 

Rt 

where  Rf  is  the  rate  of  termination  which  under  steady  state  conditions  is  equal 
to  the  rate  of  initiation,  R->.  It.  follow*  from  t!,e  kinetic  >  n  a  1  *t  c  i  c  3  * 

% 

kit-OOH]  ( 1 - x ) k  5 

VR0®  =  -  +  - 1  (V) 

Ri  xk5  +  kg 


The  maximum  vpge  can  t,c  calculated  from  eq.  V  assuming  the  initiation  via 
reaction  1  and  the  termination  via  reaction  6  only.  Under  such  conditions  R-j  is 
equal  to  2k^ [ -00H]  and  x  is  equal  to  zero.  Then, 


( vR0»)max 


0.5  + 


(VI) 


Utilizing  values  of  kg/kg  estimated  fron  the  data  of  Mill  et  al.12  for  the  spc- 
butylperoxy  system,  (vRci,)max 


is  calculated  to  be  ?.0  at  180°C. 
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The  actual  vrq«,  however,  must  be  smaller  than  C vro«  )na X*  At  higher  oxygen 
pressures  this  is  mainly  due  to  the  contribution  of  reaction  13d  to  initiation 
and  at  low  oxygen  pressures  due  to  the  contribution  of  alkyl  radicals  to  ter¬ 
mination.  Thus, 

k5  Rt(R02«) 

VR0*  =  0,5  +  — fTj -  "  VC02  (vin 

where  vcg2  is  the  kinetic  chain  length  for  the  formation  of  C02  via  reaction 
13d. 


Kinetic  Chain  Length  for  Cleavage  Product  Formation.  The  kinetic  chain 
length  for  the  formation  of  any  reaction  product  or  intermediate,  X,  in  stirred 
flow  reactor  experiments  can  be  calculated  using  expression  VIII 

[X]t/t 

•  vX  =  -  (VIII) 

( Ri )  x 

where  (R-j)x  is  the  instantaneous  rate  of  radical  formation  at  residence  time,  t. 
The  values  of  (R-j)-c  used  in  these  calculations  were  at  higher  oxygen  pressures 
(Po2  >  50  kPa)  determined  from  the  rates  of  formation  of  termination  products1^ 
and  at  lower  oxygen  presures  calculated  from  the  hydroperoxide  concentration  in 
the  stirred  flow  reactor  using  k^  180°C  =  12  x  10“5 

Plots  of  vx  for  excess  cleavage  products  versus  oxygen  pressure  (Figures  14 
and  15)  show  that  yields  of  these  products  vary  with  oxygen  pressure.  This 
observation  is  in  keeping  with  results  from  our  earlier  work?  which  showed  that 
excess  cleavage  products  are  formed  via  a  complex  series  of  secondary  reactions 


Figure  14  Kinetic  chain  lengths  for  the  formation  of  excess  alkanoic  acids 
vs.  oxygen  pressure  at  180®C . 


Figure  15  Kinetic  chain  lengths  for  the  formation  of  1-oxo  and  1-oxy-alkanes, 
(R'CH20H)a,  CO2,  and  CO  vs.  oxygen  pressure  at  180*C. 
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some  of  which  involve  oxygen  addition  as  shown  in  Figure  11.  The  results 
obtained  for  vgg  are  consistent  with  the  formation  of  CO  via  decarbonylation, 
reaction  12,  which  is  in  competition  with  oxygen  addition,  reaction  13a,  and 
final  formation  of  CO2  and  alkanoic  acids. 

If  the  excess  cleavage  products  would  be  formed  only  via  reaction  sequence 
8,  11,  12,  and  13  and  acids  would  originate  only  from  oxidation  of  aldehydes, 
then  the  values  of  the  sum  ^ ( r ' COOH ) e xc  +  VC02  +  VC0  should  be  approximately 
equal  to  v(r-CH2oH)a>  The 

values  of  the  sum,  however,  are  found  to  be  much 
larger  than  V(R'CH20H)A‘  That  suggests,  that  there  must  be  routes  leading  to 
formation  of  acids  or  aldehydes  other  than  those  via  reactions  8  and  13,  such  as 
reaction  sequence  9  or  reactions  involving  cleavage  alkyl  radicals  R'*  or  pro¬ 
ducts  of  their  conversions. 

Although  the  kinetic  chain  length  for  the  formation  of  the  sum  of  excess 
cleavage  products,  vggp,  depends  upon  the  subsequent  reactions  of  alkoxy  radi¬ 
cals,  its  value,  based  on  the  scheme  in  Figure  11,  can  not  be  greater  than  two  times 
the  value  for  alkoxy  radicals,  i.e., 

VECP  *  v(R'C00H)exc  +  V(R'CH20H)A  +  VC0  +  VC02  <  2vR0*  (IX) 

The  values  of  2vRg.  and  vggp  obtained  from  eqs  VII  and  IX  using  experimen¬ 
tally  determined  vy  values  for  various  cleavage  products  are  plotted  as  func¬ 
tions  of  oxygen  pressure  in  Figure  16.  These  plots  indeed  show  that  vggp  is 
approximately  equal  to  or  smaller  than  2vRq.  and  thus  support  the  idea  that  even  at 
reduced  oxygen  pressure  excess  cleavage  products  originate  from  alkoxy  radicals. 
These  results  also  suggest  that  alkoxy  radicals  almost  entirely  undergo  reac¬ 
tions  8  and  9,  except  at  very  low  oxygen  pressures. 
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PART  II 


FORMATION,  ISOMERIZATION,  AND  CYCLIZATION  REACTIONS 
OF  HYDROPEROXYALKYL  RADICALS  IN  jv-HEXADECANE  AUTOXIDATION 

AT  160  TO  190°C 


R.  K.  Jensen,  S.  Korcek,  L.  R.  Mahoney,  and  M.  Zinbo 


•  _ _ 


INTRODUCTION 


Our  previous  studies  of  kinetics  and  mechanisms  of  the  liquid  phase  autoxi- 
dation  of  jv-hexadecane  at  elevated  temperatures  (160-190*0  included  investiga¬ 
tions  of  the  effects  of  oxygen  pressure  in  the  range  of  4  .to  120  kPa.1  These 
investigations  revealed  that  intermediate  a,y-  and  a,6-hydroperoxyhexadecyl 
radicals,  H00R»,  which  are  formed  by  intramolecular  hydrogen  abstraction  reac¬ 
tion  4,  besides  the  addition  of  oxygen,  reaction  2',  undergo  isomerization  reac¬ 
tion  -4  and  only  in  the  case  of  oc,&  isomers  also  cyclization  reaction  10  (see 
Figure  1  or  for  a  detailed  scheme  Figure  4  in  Ref.  I).2  Reactions  -4  and  10 
were  previously  documented  by  Benson. 3-6  The  latter  reaction  is  generally  accepted 
as  a  source  of  cyclic  ether  products  in  the  gas  phase  oxidation  of  jv-alkanes  of 
carbon  number  4  or  greater  in  the  temperature  region  of  300  to  480“C.7"14  In 
the  liquid  phase  the  formation  of  cyclic  ethers  was  detected  in  the  oxidation  of 
jT_-dodecane  by  air  at  200<,C18  and  in  the  oxidation  of  substrates  containing  ter¬ 


tiary  hydrogens,  such  as  2-me thy 1-hcxa decs  nc1fi  and  2,4-dinicthylpentaiic. - 


1  7 


Kinetic  information  obtained  in  our  previous  studies1  is  now  used  to  derive, 
for  the  first  time,  the  absolute  rate  constants  and  Arrhenius  parameters  for 
reactions  4,-4  and  10  involving  formation,  isomerization,  and  cyclization  of 
secondary  hydroperoxy alkyl  radicals  in  the  liquid  phase. 


EXPERIMENTAL  SECTION 

Measurement  of  Oxygen  Solubility  in  n-Hexadecane.  The  method  used  was  a 
modification  of  the  standard  Alsterberg  procedure  (ASTM  D-888-81)18  of  measuring 
dissolved  oxygen  In  water.  The  modifications  involved  using  40  mL  of  deoxyge- 
nated  water,  1  mL  of  manganous  sulfate  solution,  10  mL  of  n-hexadecane  sample 
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Figure  1  Simplified  reaction  scheme  for  the  formation  of  primary  oxidation  pro 
ducts  In  the  autoxldatlon  of  n-hexadecane  at  elevated  temperatures. 
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and  1  mL  of  alkaline  iodide -sodium  a.’ide  solution  along  with  vigorous  mixing 
under  an  inert  atmosphere  to  ensure  complete  reaction  of  oxygen  dissolved  in  the 
_n-hexadecane  sample  with  reagents  in  the  aqueous  media.  The  total  reaction  mix¬ 
ture  was  titrated  with  0.01  I!  sodium  thiosulfate.  In  the  higher  temperature 
(>100°C)  samples  1.8-3. 6  nM  MPH  was  added  to  the  j^-hexa decane  to  inhibit 
oxi dation. 


RESULTS  AMD  DISCUSSIOU 

Kinetic  Analysis.  A  kinetic  analysis  for  the  proposed  reaction  scheme  (see 
Figure  1  and  for  detailed  scheme  Figure  4  ir,  Ref.  1)  leads  to  the  following 
expressions  for  the  ratios  of  rates  of  product  formation: I9 
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rd[R00H]\ 
dt  )f 
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d[-CH(CH2) 2CH-  n 


dt 


/dt«,6-RC60H)2J^ 

,  /dLot,6-HCOR=OJ^ 

{  at  / 

[  \  >■ 

‘10-nr.fi 
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k3[RH] 


+  k 


4-ar,£ 


[g,6-H00M 
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The  ratios  of  rates  can  be  obtained  from  the  stirred  flow  reactor  experiments  as 
the  ratios  of  the  corresponding  concentrations  in  the  reactor20  or  as  the  ratios 
of  the  yields  of  corresponding  products  obtained  from  the  UaBH4  and  Ph3P  reduc¬ 
tions  of  oxidates.21*23  Thus, 


(CROH]A)t 


k  3 [ RH  3 


TWTFxmrpi r :+■ rr ~ 


i  + 


-4-0 , Y 

l^rop- 


r3[R!lJ  I  k-4-«,6  +  k10-o.6\ 


■>  i 

i 


f — 0 - , 

(C-CH(CH2)2CH-]a)t 

T[a76-'RT0H)2MA[T 


k]0-o,5 

k2'  -0,6^2-* 


(IV) 


(u\ 
\  »  / 


(VI) 


Eqs.  IV-VI  can  be  used  in  determination  of  rate  constants  from  the  ratios 
of  product  concentrations  obtained  from  the  stirred  flow  reactor  experiments  as 
a  function  of  oxygen  concentration. 

Oxygen  Concentration.  Oxygen  concentrations  calculated  using  the  method 
described  by  Prausnitz  and  Shair2^  and  measured  for  jv-hexadecane  by  Lin  and 
Parcher25  and  for  2-methylhexadecane  by  Brown  and  Fish1^  differ  significantly. 
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Therefore,  oxygen  concentration  was  independently  determined  at  temperatures 
from  24  to  190*C  (see  Experimental  Section).  The  results  of  these  measurements 
are  in  Figure  2.  Although  there  is  considerable  scatter  in  the  data  points,  the 
results  indicate  essentially  a  linear  decrease  of  oxygen  concentration  in  jv- 
hexadecane  with  temperature  at  constant  oxygen  pressure  of  100  kPa.  From  the 
graph  in  Figure  2,  Henry's  constants  for  solubility  of  oxygen  in  _rr-hexa decane  at 
160,  180,  and  190"C  were  135,  146,  and  154  MPa.  These  constants  were  used  in 
determination  of  oxygen  concentrations  from  partial  pressure  of  oxygen  using 
Henry's  law. 

Rate  Constants.  Plots  of  experimental  data  reported  in  Part  I  of  this 
report  and  in  our  previous  work22*2^  consistent  with  eqs.  IV-V1  are  in  Figures 
3-7.  The  composite  rate  constants  derived  from  the  slopes  and  intercepts  of 
these  plots,  k3[RH]/k4,  (k-4  +kio)/k2'»  ancl  lc10/f'{2'*  are  in  Table  I.  The  indi¬ 
vidual  absolute  rate  constants  calculated  from  the  above  composite  rate 
constants  are  also  in  Table  I.  Values  of  IC4  were  obtained  from  ratios  k3[RH]/k4 
using  values  of  kg  determined  from  rates  of  formation  of  monofunctional  reaction 
products  as  described  in  Introduction  to  Part  III  of  this  report.28  Values  of 
k-4  and  kjo  were  obtained  assuming  a  diffusion  controlled  value  of  109  fH^s"* 
for  k2*.  The  absolute  rate  constants  on  per  hydrogen  basis  were  calculated 
using  number  of  available  active  hydrogens  in  reactions  4-a,y,  4-a,6,  -4-o,y, 
and  -4-a,6  equal  3.18,  2.94,  1,  and  1,  respectively.29 

Arrhenius  Parameters.  Arrhenius  plots  for  rate  constants  k4/H,  k_4/H,  and 
kjo  are  In  Figures  8  and  9  and  Arrhenius  parameters  derived  from  these  plots 
are  in  Table  II. 
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Figure  2  Concentration  of  dissolved  oxygen  vs.  temperature  for  jv-hexa  decane 
(our  data  and  Lin  and  Parcher's)  and  2-methyl hexadecanT  (Brown  and 
Fish's  data!. 
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Figure  4  Ratio  of  rates  of  formation  of  monofunctional  and  a,6-d1funct1onal 
products  vs.  [O2]"1  (Eq.  V). 


- CHCH2CH2CH  -]  /  [  a, 8  -  R  (OH  )2  ] 


Figure  7  Ratio  of  rates  of  formation  of  2,5-dlalkyloxolanes  and 
a, 6-dl functional  products  vs.  [C^]"1  (Eq.  VD* 
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Table 

I.  Rate 

Constants 

Ternerat'irc,  *C 

Rate  Constant 

160 

ICO 

1.  U 

ICO 

ICO 

190 

a.y 

a,  6 

a,b 

k3tRH]/k4 

2.30 

1.98 

1.84 

5.41 

4.96 

4.42 

a 

(k3[RH]/k4)  (k_4  +  kjo)/k2' (n’') 

1.82 

2.56 

3.27 

0.44 

0.87 

1.13 

(k-4  +  kio)/k2'(mM) 

0.79 

1.29 

1.78 

0.080 

0.078 

0.117 

k4/s-1 

123 

295 

438 

52.4 

118 

203 

k4/H(s-l) 

38.8 

92.7 

154 

17.8 

40.0 

69.1 

k-4/s"l  *  k-4/ri(s“1) 

7.31x1c5 

1.23xl05 

1.73xlC5 

C. 71*10^ 

1.4Cxl05 

AT  1 

c«u>iXiv 

klo/k2,(mM) 

- 

■ 

0.015  0.035  0, 

.051 

kio/s-1 

- 

- 

- 

1.51x104 

3.51xl04 

5.06x104 

—  Reference  27.  Jj.  Values  reported  here  differ  fron  those  reported  in  Reference 
24  where  they  were  obtained  from  measurements  at  oxygen  pressure  of  110-120 

kPa. 
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Table  II.  Arrhenius  Parameters 


Rate  constant 

k4-a,6/H 

M-a.fi/H 


log  A/H  (s“l) 


10.7 


10.1 


11.2 


12.3 


Ea/kcal  mol" 


18.0 


17.6 


10.5 


14.7 


klO-«,A/» 


12.3 


16.1 


Discussion  of  Results.  Values  of  absolute  rate  constants  and  Arrhenius 
parameters  for  reactions  4,  -4,  and  10  involving  formation,  isomerization  and 
cyclization  of  secondary  hydroperoxyalkyl  radicals  and  abstractions  of  secondary 
hydrogens  reported  in  this  work  represent  the  first  experimentally  determined  values 
of  these  constants  obtained  in  liquid  phase.  They  originate  from  the  treatment 
of  series  of  heterogeneous  data.  Some  data,  such  as  those  obtained  at  180’C, 
resulted  from  exhaustive  experiments  at  various  reaction  conditions  using  the 
most  recent  analytical  techniques,  while  the  others,  such  as  the  190°C  data, 

were  the  result  of  single  experiments  at  each  reaction  condition.  In  the  case 

of  the  160“C  data  the  values  at  high  oxygen  pressure  resulted  from  our  earlier 
work  in  which  the  analytical  techniques  used  were  not  perfected  yet.  Due  to 

time  limitations  and  the  time  demanding  complexity  of  these  experiments  they 

have  not  as  yet  been  repeated.  Therefore,  the  results  reported  here  should  be 
considered  preliminary  until  the  key  experiments  at  160°  and  190°C  can  be 
verified. 

Overall,  the  values  of  Arrhenius  parameters  reported  here  for  a,y  hydrogen 
abstraction  reaction  4  and  -4  seem  to  be  in  general  agreement  with  those  esti¬ 
mated  by  3enscn5  for  these  types  of  reactions  in  gas  phase.  However,  activation 
energies  for  intramolecular  hydrogen  abstraction  by  peroxy  radicals,  reactions 
4,  estimated  by  Benson  to  be  equal  to  those  reported  for  intermolecular  hydrogen 
abstractions,  are  found  to  be  greater  by  ca.  2  kcal/mol.  Also,  preexponential 

factors  A  are  greater  for  reactions  -4  than  for  4.  This  gives  negative  values 

o  . 

of  AS4  and  an  equilibrium  constant  for  reaction  4-or,y,  K4_afY,  of  2.3  x  10“4  at 

i80‘C  which  is  ca.  7  times  smaller  than  that  estimated  from  Benson's  data 
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(K4-Ct>y  =  1.7  x  10-3).  Thl-S  can  bo  attributed  to  the  difference  in  k4..a>Y 
(1  x  103  s"1  vs.  our  value  of  0.9  x  10^  s-*  at  180°C  on  per  hydrogen  basis) 
since  values  of  k_4_a>Y  calculated  from  Benson's  data  and  obtained  in  our  work 
are  in  excellent  agreement  (1.?  x  106  s"1  vs.  our  value  of  1.3  x  106  s"1  at 
180°C  on  per  hydrogen  basis). 

Relevant  data  were  also  reported  by  Baldwin  et  al.13  for  intramolecu¬ 
lar  abstraction  of  secondary  hydrogen  by  2-pentylperoxy  (a,y  abstraction)  and 
jv-pentylperoxy  (a, 6  abstraction)  radicals  in  gas  phase.  They  obtained  k4-a>v/H 
equal  to  1.5  x  105  s"1  and  k4_a>5/H  equal  to  3.3  x  105  s-1  at  480eC.  Our 

corresponding  values,  extrapolated  to  480°C  (k4_a>Y/H  =  2.8  x  105  s-1  and 
=  1.0  x  105  s-*)  are  in  reasonable  agreement  with  their  data,  however, 
our  value  for  k4_a>Y/H  involving  a  six-membered  ring  transition  state  is 
greater  than  that  for  k4_a> s/H  involving  a  seven-nenbered  ring. 

The  value  of  k-4_a>Y  calculated  by  Baldwin  et  al.’3  (6.3  x  10“  s~^  at  48uAC) 
is  much  smaller  than  our  corresponding  extrapolated  value  (1.4  x  108  s-1).  This 
difference  seems  to  arise  from  the  equilibrium  constant,  K4_a>Y,  which  Baldwin  et 
al.  used  in  calculation  of  k_4_a>Y  and  assumed  to  be  equal  to  0.48  at  480°C.  From 
Benson's  data,  K4_a>Y  at  the  same  temperature  should  be  equal  to  0.06  and  from  our 
results  it  is  equal  to  0.004. 

There  is  no  relevant  information  in  the  literature  on  k_4_a>ft.  We  would 
expect,  however,  that  activation  energies  for  reactions  -4-a,y  and  -4-rc,6  should 
be  similar,  which  is  not  what  was  observed.  It  should  be  pointed  out  again  that 
our  current  values  of  Arrhenius  parameters  for  reactions  -4  are  subject  to  veri- 
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fication  since  they  are  significantly  affected  by  the  accuracy  of  our  results  at 
160°C  which,  as  discussed  above,  need  to  be  upgraded. 

Fish7>8  estimated  activation  energies  for  cyclization  reactions  of  a,y  and 
a,6-hydroperoxyalkyl  radicals  as  14  and  3  kcal/mol,  respectively,  assuming  pre¬ 
exponential  factor  A  =  10^  s"*.  The  value  for  a, 6  cyclization  seems  to  bo 
underestimated.  Mill^O  reported  for  cr,y  cyclization  of  tertiary 

2,4-dimethyl-2-hydroperoxy-4-pentyl  radical  A  =  3.2  x  1011  and  activation  energy 
14±2  kcal/nol.  Our  values  for  or, 6  cyclization  are  A  equal  to  2  x  10*2  S-1  anc] 
activation  energy  to  16  kcal/mol.  The  value  of  kio-a.y  derived  from  Mill's  data 

for  180*C  (5.6  x  104  s*1)  is  of  the  same  order  of  magnitude  as  our  kio-a,6 
which  is  equal  to  3.5  x  104  s“*.  As  described  in  Part  I  of  this  report,  we  did 
not  detect  oxirane  products  in  _n-hexadecane  autoxidation  at  our  experimental 
conditions.  Considering  the  sensitivity  of  cur  analytical  procedures,  it  means 
that  values  of  kjo-a.y  must  be  at  least  four  times  smaller  than  those  obtained 
for  kio-a,5. 


.... 
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Mech  -iiisns  of  jj-iicxadecan.*  autoxidation  at  elevated  temperatures  have  been 
established  in  cur  studies  carried  out  using  the  stirred  flcv;  nicroreactcr  at 
120  to  190*0  and  4  to  120  kPa  of  oxygen  pressure. *  >2, 3  ;v  reaction  seller©  which 
accounts  for  the  formation  of  primary  and  cleavage  oxidation  products  under  the 
above  conditions  was  previously  described. ^  Kinetic  analyses  based  on  this 
schene  revealed  i)  that  the  reactivity  ratios  for  intramolecular  and  inter- 
nolecular  abstraction  reactions  of  hexadnc/lpercxy  radicals  can  be  calculated 
from  the  ratios  of  yields  of  di functional  and  nonofunctional  primary  oxidation 
products-  (Table  I)  and  ii)  that  determination  of  absolute  rate  constants  for 
these  reactions  and  determination  of  the  kinetic  chain  length  require  knowledge 
of  the  rate  of  radical  formation,  i.e.,  the  rate  of  initiation,  R-j. 

The  absolute  rate  const:  its  for  ir.termolccular  abstraction  reactions  of 

r  rt  r  rt  Y\r  r  •*»  ri  •'  ■  1  c  {*  ~ 

r  -  -  •  v  •  -  *  •  ~~  *  w  9  *'0  » 


OCo  II  0011 

I  I  h  I 

-CM-  +  -Oil-  _ 12 _ ►  -CH-  +  -CH- 


* 

and  intramolecular  abstraction  reactions  1:4  and  k4> 


00®  II  k4  00H 

I  I  - I 


-CH(CH2)nCH-  -* 

k-4 

- -CH(CIL)  CH- 

2  m 

COM  00* 

0  00H 

1  1 

-CIKGIIo)  CH-  _ 

kr 

II  1 

-C(CH.)CH- 
c  m 

+ 

"04 

(3) 


(4,-4) 


(4*) 


(where  m  is  equal  to  1  for  a,y  and  2  for  0,6  abstractions)  can  be  obtained  horn,  the 
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Table  I 

RATIOS  OF  RATE  CONSTANTS  FOR  INTRA-  AND 
INTCRKOLECULAR  ABSTRACTION  REACTIONS  OF 
HEXADCCYLPEROXY  RADICALS 


j 

Hydrogen 

Temperature,  °C 

!  Ratio 

Abstraction 

120  160  180  ; 

1 

09 


reactivity  ratios  in  Table  I  if  at  least  one  of  the  rate  constants  in  these 
ratios  is  independently  determined.  Tor  this  purpose,  h.3  can  be  obtained  from 
the  rate  of  formation  of  monohydroperoxi des,  R00II,  using  eq.  I  when  peroxy  radi¬ 
cal  termination  rate  constants  kg  and  kg  and  P.-j  are  known.  In  eq.  I,  [RH]  is 
concentration  of  _n-hexadecane  and  <b  a  complex  rate  constant  which  can  be  calcu¬ 
lated  from  the  reactivity  ratios  since  it  is  a  function  of  only  these  ratios 
(eq.  II). 


d[R00H] 

dt 


(2k,  +  2xk, 

D  t* 


Mz 


[RH]  6 


ib  =  f 


( 


,Y 

YJW1 


vc  VC  v 

,  k4-n-,Y  ,  k4-n ,y  J 

Tcjnrfij  iqinm  injniu ) 


(i) 


(in 


Rate  of  Initiation.  In  low  temperature  studies  of  kinetics  of  liquid  phase 
hydrocarbon  oxidation  the  rate  of  initiation,  R-;,  is  maintained  at  known  and 
constant  value  by  the  addition  of  initiators  which  thermally  or  photochemi cally 
decompose  with  known  rates  of  radical  production/*  in  contrast,  the  autoxida- 
tion  of  hydrocarbons  at  elevated  temperatures  is  very  strongly  autocataly tic. 
The  main  source  of  free  radicals  under  these  conditions  is  honolylic  decom¬ 
position  of  hydroperoxides,  reaction  1. 


k 


1 


M  \ 

V  a) 


-0CH  - 


free  radicals 
ROo,  HO®, . . . 
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Since  hydroperoxides  are  the  primary  oxidation  products,  the  rate  of  radical 
production  v/i  1 1  vary  with  extent  of  autoxi dati on.  To  avoid  the  problem  of 
variable  rate  of  radical  formation  at  elevated  temperatures ,  our  kinetic 
investigations  have  been  conducted  in  the  stirred  flow  reactor.  In  this  reac¬ 
tor,  under  steady-state  conditions,  concentrations  of  all  reactants,  including 
hydroperoxides,  are  constant  throughout  the  entire  reaction  volume  and  do  not 
change  with  time.  Thus,  in  this  system,  autoxidation  studies  are  carried  out  at 
the  constant  rate  of  radical  formation,  (Rj)-,  which  is  given  by  eq.  III.  Linder 


(R1)1>.  =  2k1  C-00H]t 


(III) 


steady-state  conditions,  the  rate  of  radical  formation  must  be  identically  equal 
to  the  rate  of  radical  termination,  (Rt).t  and  therefore  determinations  of  (P.;), 
can  be  based  upon  determinations  of  (Rt)x- 

Two  general  methods  of  determination  of  ( R -j ) T  have  been  used  in  this 
study.  The  first  method  is  based  on  determination  of  ( R t ) -c  from  the  rate  of 
of  formation  of  termination  products,  the  second,  the  inhibitor  method,  is  based 
either  on  measurement  of  inhibition  periods  caused  by  the  addition  of  a  known 
amount  of  antioxidant  or  on  determination  of  the  initial  rate  of  antioxidant 
consumption. 

Termination  Reactions.  At  sufficiently  high  partial  pressures  of  oxygen 
(Pq2  >  75  kPa)  the  rates  of  formation  of  primary  oxidation  products  in  the  jv- 

hoxadocare  autoxidation  are  independent  of  oxygen  pressure.  This  indicates  that 
under  these  conditions  a 'll  free  radicals  terminate  via  reactions  5b  and  6. 


rite  ^ 
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2  -X-CH-Y  +  0 


(i-x_):t5 


2  -X-CH-Y 


HCOOOOCfi 


0  OH 

k6  If  I 

-X-C.-Y  +  -X-CH-Y  +  0 

MR' COR")  2 


It  is  widely  accepted  that  the  first  step  in  bir.olecular  termination  reac¬ 
tions  of  peroxy  radicals  involves  the  reversible  formation  of  dialkyltetroxide 
intermediates.^*5  The  nature  of  subsequent  reactions  of  these  dialkyltctrcx- 


i  dps  i  e.  strongly  influenced  hy  the  structure  of  alkyl  croups  due!  tempera  lure.  In 
the  temperature  range  of  25  to  75*C  the  primary  and  secondary  tetroxi dec  decom¬ 
pose  to  yield  alcohol,  carbonyl  compound,  and  oxygen  in  equimolar  amounts  pre¬ 
sumably  via  the  Russell  cyclic  termination  mechanism,  reaction  6. 5  At  tem¬ 
peratures  over  100*0  decomposition  of  tetroxi des  to  ailcoxy  radicals  and  oxygen, 
reaction  5,  becomes  increasingly  important.7  Some  of  these  alkoxy  radicals 
recombine  in  the  cage,  reaction  5b,  contribute  to  term' nation,  and  give  the  same 
products  as  Russell's  cyclic  mechanism. 

An  alternative  mechanism  for  primary  and  secondary  peroxy  radical  ter¬ 
mination  via  Criegee  zwitterion  was  recently  proposed  by  Benson  and  Hang' a . 8 
This  mechanism  also  leads  to  the  formation  of  one  molecule  of  ketone  per  ~wo 
peroxy  radicals  terminated. 


RESULTS  A!!D  DISCS  SSI  OR 

Rate  cf  Initiation  Iron  Rate  of  Formation  oJ  Termi nation  Products.  Based 
on  the  described  termination  mechanisms,  the  rate  of  initiation  i n  jv-hexadecanc 
autoxidation  must  be  c-qual  to  twice  the  rate  of  formation  of  hexadecanones, 
R'COR",  provided  that  there  are  no  alternative  modes  of  their  formation  and  that 
contribution  of  cleavagc-deri ved  peroxy  radicals  to  termination  is  negligible. 
Thus,  in  the  stirred  flow  reactor  the  rate  of  initiation  is  given  by  eq.  IV 


(Ri(t))-r 


[R'COR"] 


=  t. 


(IV) 


where  i  is  the  residence  lime.  The  analytical  procedures  usee  in  tins  work  did 
net  allow  determination  of  all  R'COR"  isomers  formed  from  termination  of 
hexadecylperoxy  and  hydroperoxy hexadecylperoxy  radicals,  RO2®  +  KOORO2*,  but 
cnl  y  4--8-R  con  "  which  originate  from  the  c  0  r  r  0  sponding  4--8-R02®.  can  bc* 
shown  by  kinetic  analyses,  however,  that  [R'COR"]-,;  can  be  estimated  from 
[4 — 3-R' COR"]-  using  eq.  V 


[ROOrll  +  [R(00ll) .,] 

[R'COR"],.  =  [4 — 3-R' COR"] - - - -  T 

x  [4 — 8-ROOH] 

T 


(V) 


where  [R00H]t  and  [4--3-R00H]x  are  the  concentrations  of  hexadecy 1 hydroperoxi des 
and  4—8  substituted  hexadecy!  hydroperoxi  des  and  [R  ( 00H )  is  the  concentrati  on 
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of  all  hexadeey 1 di hydroperoxi des.  f  V  was  rioriv-a  asswr.i tig  that  the-  values  of 
k3,  kg},,  and  kg  for  a  subgroup  4—  arc  the  sane  as  overall  average  values 
of  the  corresponding  rate  constants  for  all  isomeric  hexadeey Iperexy  and  hydro- 
peroxy hexadeey Iperoxy  radicals.  Substituting  [R*CGR”]t  expressed  by  cq.  V  into 
eq.  IV  yields  eq.  VI 


[4— 3-R'COR"]  [ROO!:]  •:  [R(00il)ol 

T  T  C  ~ 


<Rut)b  - 2 


which  can  be  used  for  determination  of  rate  of  initiation  in  the  stirred  flow 
reactor  under  any  reaction  conditions  since  the  concentrations  of  all  products 
nc-eded  for  this  calculation  can  be  obtained  from  product  analyses  described 


previ  ol  i  sly.  1 


Conbini.no  eqs.  Ill  and  VI  gives  eq.  VII 


[4 — O-R'COR"].  [ROOM]  +  [R(OOH),J. 


[4— G-ROK], 


(VII) 


Eq. V 1 1  relates  rate  of  formation  of  termination  products  to  rate  of  initiation 
and  allows  determination  of  kj  which  then  can  be  used  for  determination  of 
the  rate  of  initiation  at  any  concentration  of  hydroperoxides  from  eq.  III. 

Plots  consistent  with  eq.  VII  based  on  previously  reported  experimental 
data1-  and  values  of  kj  derived  from  these  plots  ate  in  F mnf  L.  The  pini.  nt  if'O'c 
data  gives  good  strai gnt-1  ine  correlation,  however,  the  plot  ol  U’f^C  dale 


■Vi 


deviates  frcn  linearity  at  higher  concentrations  of  hydroperoxides. 

The  a  ho  vo  deviation  from  linearity  suggests  the  occurrence  of  other  kc-t.  to 
producing  reactions  under  such  cr.odi  cions.  In  fact,  this  should  ho  anticir*  ted 
from  the  results  of  other  studies.- • 10  Ketones  may  be  produced  frcn  n-attac'--  of 
peroxy  radicals  on  hydroperoxides,^1  reaction  if,  or  from  direct  molecular  do  co- 
position  of  hydroperoxides  to  yield  ketone  and  wetter,  reaction  12. 

rtOoo  +  R'CK(00H)R" - -  P.001!  a  R'COR"  +  »0H  (11) 

R 1  Cl! ( C0H)R"  - «-  R'COR"  a  ll20  (12) 

Based  on  results  of  Crown  and  F  ish,H  however,  no  detectable  arounts  of  C  • - 
ketoies  were  for nee  <>si  decompos  i  i : on  in  an  inert  atmosphere  of  ny crcperc/.i  J..s 
from  autoxidation  of  2-mo  thyl  hex ■•‘-•cane  at  l-VC. 

Another  reaction  which  could  lead  to  production  of  ketones  is  direct  reac¬ 
tion  of  oxygen  with  a'lkoxy  radicals,  reaction  13. It  this  reaction 

O 

R '  Ci!  ( 0)  R"  a  02 - -  R'COR"  +  1J02'.  (13) 

was  important  in  the  formation  of  ketones,  their  rate  of  formation  would 
approach  first  order  in  oxygen  concentration.  In  our  studies  of  jv-hexa dcccsro 
autoxi dation  at  reduced  oxygen  pressures,-5  it  was  observed  that  the  rate  of 
ketone  formation  decreases  with  partial  pressure  of  oxygen  only  when  the  pressure- 
is  lower  than  ca.  60  kPa.  At  such  low  pressures,  however,  alkyl  radical?  ■..•ill 


also  participate  in  termination  reaction 


s  and  the  reduced  yields  of  keto-cc 
should  be  anticipated.  Accordingly,  it  has  been  concluded  that  the  reaction  o' 
oxygen  with  alkoxy  radicals  is  not.  an  important  reaction  in  our  system. 

Due  to  the  possibility  of  overestimating  yields  of  R'COR"  f rc-n  torni nation 
reactions,  the  values  of  (R-j(t))T  and  kj  obtained  from  eq.  VII  must  be  con¬ 
sidered  to  be  the  maximum  values  possible. 

Rate  of  Initiation  by  Inhibitor  i letch c  I.  In  application  of  the  inhibitor 
method  it  has  been  assumed  that  the  rate  of  initiation  in  a  stirred  fie.-/  react-' r 
is  the  same  as  that  in  a  batch  reactor  as  long  as  the  hydroperoxide  con¬ 
centrations  in  both  reactors  are  the  same.  Rased  on  this  assumption,  the  values 
of  ki  derived  from  batch  reactor  experiments  rust  bo  applicable  in  calculation 
of  the  rate  of  initiation  in  tie  stirred  flew  reactor  U-g.  III).  The  valid! 


of  trie  aho-v*  a ssiirr-ti 


C  C  I  i  i  . 


0  >  p  r  O  u  u’  C  t  a  n  Ci  1  y  $  C.  S  .)  i 


samples  of  jv-hcxadec’  re  autoxidized  tc  the  same  final  hydroperoxide  con¬ 
centration  in  both  stirred  flow  reactor  and  batch  reactor  experiments.  These 
results  shew  that  type  and  distribution  of  primary  hydroperoxide  products  formed 
in  both  reactors  are  very  similar.  This  suggests  Uv- 1.  initiation  processes  in'’' 
the  over-all  rate  constant  for  decomposition  of  these  hydroperoxides,  !q ,  under 
such  conditions  should  be  essentially  the  same. 

The  inhibitor  method  for  determination  of  the  rake  of  initiation  is  based 
on  measurements  of  inhibition  Li  re  or  race  of  antic-xi  d;.n  i  consumption  in  hatch 
reactor  autoxidation  experiments  irkibited  by  a.i  antioxidant. 


Upon  the  addition  of  an  efficient  antioxidant,  aH,  to  an  oxidizi" 


! 
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substrate*  the  bitnolecular  term' nation  reactions  of  peroxy  radicals,  reactions  T! 
and  6,  are  replaced  by  reactions  of  peroxy  radicals  with  AH  and  its  reactive 
i  n termed!  ales ,  INI,  reaction  14, 


n  R02c 


IHACTIVC  PRODUCTS 


where  jn_  is  the  stoichiometric  factor  of  antioxidant  AH  which  is  equal  to  the 
total  number  of  peroxy  radicals  consumed  by  a  molecule  of  AH  and  corresponding 
IHT.  Due  to  the  high  rates  cf  these  reactions  the  steady-state  concentration 
of  peroxy  radicals  is  dramatically  decreased  and  chain  oxidation  reactions  are 
strongly  inhibited.  Tin's  inhibition  continues  until  the  antioxidant  and  its 
reactive  intermediates  are  completely  consumed.  If  the  rate  of  radical  for¬ 
mation  during  inhibition.  is  cons  lint.,  thou  InHbf  lion  <  i~a,  '"an 

be  used  for  determination  of  ^ i ( i n h )  since  under  steady-state  conditions 


Ri(inh)  tjn|,  =  n 


(VIII) 


^i  (i nh) 


n[AHl 


Determination  of  the  rate  of  initiation  from  the  rate  of  antioxidant  consumption 
during  inhibition  requires  knowledge  of  the  inhibition  mechanisms  for  the 


antioxidants  used 


0 


liti  1  iz-?r; 


our 


studies 


the  following 


i  n 


i  oxi  dan  Is: 


2,6-cli - tert-l>;.: ty  1  -4-ne thy  1 p  hcno I  (i’.i’b) , 

4,4  *  -no  thy  Ter  ?-r.i  s(2,6-di-  tert-butylpher.ol )  (8PH),  and 
fi-pheny  1  -:i-na;  bcbylani no  (!-/.!.) . 


The  inhibition  rocianism  of  MP  H  at  low 
described  by  reactions  PI  and  P2  (Scheme  1).^ 
controlling  step  for  i"'"  consumption  is  reaction  PI 
rate  of  initiation  at  the  time  of  AH  addition  is 
tanecus  rate  of  antioxidant  consumption  (eq.  X). 


tempera tures  is  accurately 
In  this  sequence,  the  rate 
arid  therefore  instantaneous 
proportional  to  the  instan- 


R 


(X) 


Basel  on  tin’s  mechanism,  for  liPK  at  low  terpen  fires  is  equal  xo  ?. 

The  inhibition  r.oonr isms  of  PAX  at  low  temperatures  and  in  the  presence  of 
hydroperoxides  is  sinlar  to  that  tor  tU*H:  13,14  ?,\:i  reacts  with  ROy  to  produce 
an  aminyl  radical  which  in  turn  reacts  with  another  ROy"  to  give  inactive  prod¬ 
ucts.  Thus,  eq.  X  is  also  applicable  for  debt  rni nation  cf  H-j (AH)  the  rate 
of  coca 3  cf  RAii.  The  t\  in  this  case  is  also  equal  to  2. 


The  inhibition  mechanism  of  BPIi  at 
that  for  IIP!!  or  PAH  due  to  the  presence 
of  ;  -  f‘  ri  (Scoci  a  II).  Rate  controlling 
arc  reactions  B?1  and  BP3.  Based  on  the 


low  temperatures  is  more  complex  than 
of  two  phenolic  groups  in  each  molecule 
steps  for  BPH  consumption  in  this  case 
winter  of  phenolic  hydrogens  in  BPH  and 


Q(0Cfl)H,  kr-j, j  must  be  equal  to  2fcry>j  if  the  reactivities  of  all  phenolic  hydro¬ 
gens  are  the  same.  It  can  be  shown  from,  kinetic  analyses^  that  for  the 
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s r *■  tn- ncc-  o, 
by  c<\,  XI 

1 

If  i n i t i a t i 
bining  eqs. 

n 

2' 

ji 

2 

n 

2 

which  can  b 
conations  [ 
I  ni'ibi  tion 
addi  tion. 
PI-'3?  or  D? 
biticn  tine 
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anti oxi da nt 
radicals  t>’ 
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ccnsocut  i  -r  pot ' 


■.a  so' 


r-  i  s 


troai.i  1  -  I  '-‘I  i,;;i  ric  env  i;  exprcc'*' 

-•i  sn  tin  *  .r  CPI!  i  r,  eyuel  t-j  <■. , 


(XI ) 


on  occurs  only  vie  liorely  tic  oec'--,  nsiticn  of  hydroperoxides,  con- 
IX,  X,  and  XI  with  eq.  II I  yields  c;s.  XII-X1V 


L  i  n  h 


av 


(AH1-: 


!!) 


(XII) 


.  k  1-00:1]  (.v:--.::?h,pa::)  (xnn 

o 

-  r ;  1.0  I  r  .  n<~  ■  •;  /  V 

'0  1  1  '  0  V  ’  ’ 

0  used  for  do  termination  of  kj  using  the  inhibitor  method'.  In  these 
,  —  G 0 *1 1  r,  v  is  the  average  concent ro  Men  of  hydroperoxides  during  t'"  1 
period  and  [ - 0 0 1  > j 0  is  their  cones  u tr:  i on  at  the  tire  cf  antioxidant 
’•'lien  the  antioxidant  1  wcha-ii sns  are  described  by  reaction  sequences 
I  -  :.’P4 ,  coticenta  t  ion  of  hydroperoxide'-  src.il  d  net  change  during  inhi- 
and  [-00i;]av  should  be  equal  to  i  ~CO!i]c,  since  decomposition  of  one 
f  hydroperoxide  produces  two  pw'cxy  r:  die?.  Is  which  react  with 
with  fori u tion.  of  another  ncl':::;1'.'  c?  h/c; operoxi de  per  two  porexy 
app-eo.  Thus,  there  sh<  ild  not  1-. e  any  change  in  hydroperoxi de  cen- 
during  inhibition. 


i 


of 


In  order  to  obtain  kj  froi.i  oq>.  XII-  XI,' ,  the  s  mi  chi  emotri  c  facto*  s 
antioxidants,  n,  mist  be  known  and  the  valves  of  [  A  r  1 1 0  / 1  ^ ^ .  ( -cl  F  AM  ]/ Jt)0,  a  no 
«[iJPH]0  r  ust  be  determined  as  a  function  of  [-0"H]o.  for  that  ;.*urj>cse  a  scries 
of  batch  reactor  experiments  was  run  in  which  ja-hoxodoctce,  HD,  was  preoxi diced 
to  desired  levels  of  [-0(J".]o  and  at  that  point  varying  amounts  of  an  antioxidant 
were  added.  Samples  of  the  reaction  mixture  were  then  withdrawn  as  a  function 
of  tire  and  analyzed  for  [  —0011] and  [bVilj.,  Typical  results  obtained  fron  these 
inhibited  autoxi dati on  experiments  with  are  shown  in  Figure  2.  Results 

obtained  with  BPH  in  the  form  consistent  wit's  op.  XI  are  in  Figure  3.  Values  of 
tjnh,  (-d[A!!]/dt])0  and  «  were  obtained  from  those  plots  graphically. 


Stoichi  g  etri  c  - .  :  of  Artio-.l  Mnts.  The  n-valnes 

have  teen  i/rev  i  ous  ly  '.if. -v,  ;  nee  ar  lyj  l ■  rvji  tores,  i  rcy 


for  HP  11,  FsPH,  and  PAH 
have  been  found  to  be 


in  agreement  with  the  i  ec’sani  sms  described  above  (Table  1 1 )  .17,13  There  is, 
however,  no  information  on  n- values  nor  on  rechanisns  or  inhibition  for  these 
antioxidants  at  the  elevated  temperatures  used  in  this  work  (160  and  130*0.  Cased 
on  limited  data  available  in  the  literature  for  temperatures  up  to  l‘»0*C,!3-2J 

it  should  bo  expected  that  QOOR,  Q(00R)H,  and  QtOORlj  products  formed  during  the 
inhibition  with  i'.PH  and  LPH  would  under  our  conditions  decor, pose  and  contribute 
to  formation  of  free  radicals.  This  would  then  lead  to  n-values  lower  than 
those  obtained  at  lew  temperatures. 


In  order  to  estimate  the  n-values  for  MPH  and  BPH,  the  results  obtained  by 
the  inhibition  method  (eqs.  X 1 1 — X  T  V )  employ!  eg  selected  integral  n- values  have 
been  compared  to  those  obtained  from  the  termination  product  method  (Fig. its 


4-6).  This  comparison  suggests  more  complex  inhibition  luchani: 
Bf'H  than  those  described  by  reactions  P1-P2  and  Bi;i-BP4. 


or  liPli  an;! 


If  kj  values  (slopes  in  Figures  4-6)  obtai nod  from  too  termi n : ti cm  product 
method  are  the  maximum  values  (see  above),  then  n -values  correspond* ng  to  these 
k][  (slopes)  must  be  the  maxi  nun  stoichiometric  factors,  nrr!ax,  for  a  given 
antioxidant.  From  plots  in  Figures  4-6,  ntI,ax  for  !‘P!I  at  l.Vj'C  is  equal  to  ca.  1.2 
and  for  BPH  at  180°C  to  2. 0-2. 6  (Table  II).  Similar  comparisons  for  PA!!,  based 
on  single  data  points  in  Figures  4  and  5  give  nrax  for  PA!!  equal  to  ca.  2.7.  This 
value  theoretically  should  not  be  greater  than  2.0  unless  some  of  PAi!  inhibi¬ 
tion  intermediates  or  products  possess  inhibiting  activity  at  elevated  tem¬ 
peratures.  If  this  is  not  the  case,  then  kj  obtained  f rc  a  the  termination  p ro¬ 


duct  method  is  overestimated 

and  slop 

<+- 

O 

o 

lines  for 

PAH  in  Figu 

res  4  and  5 

(single  p  o  i  n  t  s  e  r,  1  y  ! )  d  •  •  f  , : : 

the  idu 

;  !  :  V  tl  :  .•  •. 

.  r  *.  t 

-  v '  :*i’  1 
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of  iirii  isud 
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mi ni rur; 

!^1  (sic 

•  \,r>  for  !V 

.;:)  are  ■;> 

en  mi  nimuii 

stoichiometric  factors,  n. ,-;n. 

From,  pi 

ots  in  Fi< 

'.s  4  and 

6  for  ! 

!?H  at  160° C 

is  equal  to  1.0  and  for  b?H 

at  180°  C 

to  2.0  () 

able  II). 

Thus,  the  r 

ctual  value 

of  the  stoichiosietric  factor 

must  !>••; 

somewhere- 

between  i; 

:a/.  an(l  nnin 

,  i.e.,  for 

t-1  PH  at  i 60°C  between  1.0  and  1.2  and  for  BP!I  at  )C0°C  between  2.0  and  2.6. 

In  order  to  clarify  inhibition  mechanisms  and  positively  determine  n-values 
for  hindered  phenols  used  in  this  study  at  elevated  temperature;,  we  have 
elected  to  further  investigate  MPH  since  the  most  extensive:  mechanistic  infor¬ 
mation  at  low  temperatures  is  available  fc r  this  antioxidant.  Results  of  the*  e 
investigations  with  MPH  obtained  to  date  are  discussed  in  Part  IV  of  this 
report. 
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Prelini nc.ry  results  obtained  \<i th  PAM  described  above  suggest  that  the 
inhibition  mechanism  of  PA;.'  is  net  adversely  affected  by  elevated  temperatures 
and  that  the  use  of  P  Ah  Tor  deterrni  na ti on  of  h]  and  R-j  is  promising  and  warrants 
further  investigations. 
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Kinetic  and  mechanistic  inform:-,  ti on  on  inhibition  of  autoxidation  by  MPH  in 
the  temperature  range  of  160  to  1S0°C  is  not  available.  Based  on  extensive  1 ow 
temperature  information  on  reactions  of  phenoxy  radicals,1  on  the  limited  litera¬ 
ture  data  on  inhibition  products  at  temperatures  120  to  1<1Q°C,2'5  and  on  the 
results  of  our  present  studies,  the  inhibition  mechanisms  of  MPH  at  elevated 
temperatures  ray  be  represented  by  the  sequence  of  reactions  shown  in  Scheme  I. 
From  this  scheme  it  is  obvious  that  the  stoichiometric  factor  for  MPH  will 
depend  on  the  relative  rates  of  reactions  of  PC'  and  on  the  fate  and  relative 
rates  of  reactions  of  intermediate  species  C;f>0R,  Q00H,  QM,  etc.  In  this  study 
we  investigate  reactions  of  MPH  and  selected  MPH  intermediates  and  products 
during  the  inhibited  au'oxi dation  of  HP  at  160  and  1 8 H C  and  attempt  to  eluci- 
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EXPEUM-IiTAL  SF.CTIO:: 

The  reaction  techniques,  seme  of  the  analytical  procedures  and  materials 
used  in  this  study  were  described  previously. r,»7»8 

Hydroperoxi de  Preparati on.  Hexadecylhydroperoxidcs  used  in  the  preparation 
of  the  corresponding  Q0OK  were  synthesized  by  alkylatioi  of  hydrogen  peroxide 
with  hexadecy  1  methanesul f cna tes  using  the  method  of  l.'awzonek,  Xlimstra  and 
Kallio."  In  order  to  prepare  a  1 — 8- hexadecyl  hydroperoxi  de  mi  xture,  _n~ 
hexadccane  was  autoxidized  under  low  oxygen  pressure  to  enhance  the  formation  of 
1 — 8-hexadecyi hydroperoxides,  and  a  mixture  of  these  hydroperoxides  was  then 
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separaf  d  on  silica  o*"*"! «  5  pur t ion  (50  i  1.)  of  auto.i. lined  jv-hnxadocar.c 

placed  c  .  i  2.5  x  ?5  cu  si  lie.:  rel  coin:"'  and  eluted  with  550  r>L  of  nexano,  50G 
mL  methyl-;  no  chloride  arid  led  r-'.  w-ethan.  !.  The  1 — 5-  hexadecy 1 hydruperoxi  dos 
were  el.  tod  with  the  first  tr'<  of  no- ■  yl one  chloride.  This  hydroperoxi  ie 
concentrate  was  th-n  used  for  the  preps;  j  •:  '  on  of  QG'l'L ;  !l~i--0-Ci  %%% . 


Qf  Vi  Synthes  i .  QOOR  compounds  si  J,  R  being  jt-butyl  and  jv-,2-,5-,  and 
1 — 8-hexadocyl  were  prepared  from  the  reaction  be i. >n  MPH  and  hydroperoxides. 
The  synthesis  of  0- ( 5-he.xadecy Iperoxy ) -4  -ne  thy 1  -2 , <5-d i  - t-b u ty  1 - 2 , 5-cy  c 1  oh  exa- 
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was  5  u!  .  four  different  mobile  phases  wore  used  -is erratically  in  the  HP!  C 
separations,  which  inv'  boon  a,.  r.  i  on  a  ted  to  |  >,.>nt  system.  Sj  through  S* 

The  first  throe  '  f  these  advent  sys  urns  were  used  for  the  analysis  of  “.’'1! 
and  its  reaction  products  one!  elution  volumes  for  fatso  compounds  arc  given  in 
Table  1.  Solvent  system  Sj,  Hpb : CH3OH:  CUrll  2 : CH3C1!  (5:1:30:60)  was  initially 
used  as  the  sole  solvent  system  to  analyze  all  of  the  components.  Most  of  the 
major  components  were  separated  adequately  with  this  system  but  in  the  region  of 
QOH,  H3A,  and  U2  the  separation  needed  to  bo  improved.  For  this  reason  solvent 
system  S?,  KgO : CH3O ' ! : Cf: eC  1 2 : CM 3C if  (7:8:23:6”),  was  developed  to  differentiate 
the  more  polar  products  and  qiiv.nti  fy  all  of  the  known  products  except 
Q00R(R=Cigt!33).  Quantitation  of  MP!i  and  Q,  which  are  not  separated  on  the  chro¬ 
matogram,  are  possible  by  a  dual  UV  detection  at  both  254  end  230  nn  since 
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aoscrbanco  at  254  nn  to  chat  at 
allows  calculation  of  the  concent 
pea!:  areas  at  the  two  wave  Ice: 


300  run  i  s  0.15  for  MPi:  and  14.3 
ration  of  each  competent  based  on 
tbs.  Solvent  system  S3,  C!!;s0!!: 


for  Q  which 
the  measured 
CHgCl  2 :  CHpf :! 


(10:30:60),  was  used  for  Q09fl(R- f.j [ 6 '  2 3 )  analysis. 

A  fourth  solvent  system,  S',  H^jO: Cil^fl 2 : CH3CM  (5:10:05),  was  applied  for 
1IFLC  analysis  of  PAH  and  its  main  reaction  product  using  a  dual  UV  detection  at 
200  and  310  n,i.  Elution  velum,.:?  under  these  conditions  were  4.1  irl  for  PAH  end 


4.5  r.L  for  its  major  product. 

HPLC  Standards.  Samples  of  QE,  0M,  Q00H,  00H ,  and  CPU  used  in  this  study 
were  synthesized  in  our  laboratory.  qE  was  synthesized  by  UDQ  oxidation  of  ”hJ!! 


gave  equal  a  counts  of 
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j  accord  toy  to  the  method  of  tlec!;er.  ^  As  re  \  .icipafc”’, 

lU’ii  and  Q;i  wren  in  solution.  f.'OO'l  was  synthesized  i>; 
basic  conditions.-^  OUi-l  was  prepared  by  reduction 
phosphine.  Cf’O  was  synthesi:- I  photo;  i.-  .r.;  sally  in 
Q00R(R~butvl  )  A- 

RESULTS  AfJD  DISCUSSION 
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Figure  5  . 
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Formation  of  U2  +  HBA  +  CPD  during  MPH  inhibited  autoxidation 
of  preoxidized  HD  at  160OC. 


Q0QP>,1''  Q  of  thi’':  .1  decomposition  if  •'1-t.c-rt-:  u iyl  substituted  analog  of 
Q00R(t’.-tc:rt-buty1 )  ,5  and  QOil  of  then.'.?  1  transform.- lion  of  QOQ.'iJ0 

!,o  3,5,3' 5* -tetra-tert-i.-ufylstil ’:.n''(;in'nono,  2w,  has  h  .on  detected  an  dor 
our  reaction  conuitioos.  SO  has  boon  -four,  i  as  a  major  product  in  MPH  inhibi  tod 
autoxi  iation  cf  a  transformer  oil  at  t20'C--7  and  in  reaction  of  ."Pf  with  tert- 
butoxy  radicals  at  1226C.^  The  source-  of  SQ  has  been  reported  to  be  dimeriza¬ 
tion  of  q:i19  which  only  occurs  at  higher  QM  concor.t^aticns.  In  the  above 
studies,^  >*8  initial  I  IP  H  corc-ontraticns  at.d  subsequently  QM  concentrations  wore 
at  least  one  to  two  orders  of  re uni tuck-  higher  and  the  concentrations  of  hydro¬ 
peroxides,  which  night  participate  in  alternative  reactions  with  QM,  were  nuch 
lower  than  those  in  this  study. 
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Due  to  these  reactions  the  relative  yields  of  ODOR  of  MPH  converted)  decrease 
with  tire  (Table  ?.),  The  nature  of  QOOR  decomposi  tier,  reactions  renal  ns  unknown 
since  total  yields  of  all  other  identified  components,  including  those  which 
could  originate  fro.?  QOOR  decomposition  (QOH,  CPD,  Hi; A,  Q > ,  fro  low  and  do  net 
account,  for  the  difference  between  ([MPH]0-[MPH]*)  arid  [QOOR]*  mainly  at  higher 
MPH  conversions  (Table  2).  Ti  e-se  results  suggest  that  sore  of  the  major  pro¬ 
ducts  were  not  analyzed  or  recovered  cr  that  they  are  included  in  unidentified 
components.  It  is  difficult  to  assess  which  of  the  unidentified  components  ori¬ 
ginate  from  decomposition  of  QOOR  and  which  are  formed  via  alternative  reactions 
of  PO*,  reactions  P6  and  P7.  It  seems,  however,  toat  U'<  +  lit  originate  from 


RELATIVE  YIELDS  OF  MPM  INHIBITION  PRODUCTS  (•'■  of  HPH)  AT  160°C 
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carried  cit  at  1BC°C  shewed  (Figure  8}  that  during  the  first  half  of  i nisi  hi : 
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Decay  of  MPH  and  formation  of  MPH  derived  produc+s  during  MPM 
inhibited  auto:-,  idation  of  pure  HD  at  100°C. 
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conditions)  which  is  unstable  or  uiK'^rguos  further  reactions.  This  product  '..vs 
also  found  to  he  unstable  during  ted  separation  on  silica  gel.  Further 

investigations  are  needed  i.o  identify  ; j 3 . 


Fron  plots  in  Figure  9,  formation  of  Q  appears  to  be  more  a  result  of  decom¬ 
position  of  QOOP  (formed  f row  MPfi  derived  PO-1)  than  a  product  of  reactions  of  U3 
+  IK  or  QM  since  it  continues  to  be  formed  when  all  QM  is  consumed  arid  stops 
being  formed  when  C3  +  l!'  is  still  present.  This  is  misleading,  however, 
because  U3,  which  is  a  major  component  in  U3  +  LK  in  early  stages  of  tire  experi¬ 
ment,  is  a  lesser  component  at  the  tir*  when  formation  of  Q  diminishes.  In 
addition,  Q  also  undergoes  further  reactions  as  exhibited  by  retarded  autoxida- 
tion  observed  after  inhibition  time  (Figure  10}  which  could  be  attributed  to  Q 
(see  below).  in  such  case,  Q  still  could  he  formed  when  its  couc'vitrat.ioR 


appears  to  be  constant,  ihus,  based  on  these  i>. suits*  w  could  or  » y i u«  Le  from  (ji i 
via  33.  This  is  also  supported  by  an  observation  that  about  ten  tines  less  of  Q 
is  formed  during  inhibition  with  !!PH  where  amounts  of  QOOP  producer  are  com¬ 
parable  to  those  in  the  QE  added  experiment  but  very  little  QN  and  U3  +  U4  are 


formed . 


The  group  of  products  U2  +  PDA  +  CPD  (in  this  experiment  CPI)  is  a  minor 
component  which  could  not  be  separated  from  U?  IlhA)  and  Ui  seem  to  he  final 
products  of  QE  conversions.  In  reality,  howev.-r,  in  early  stages  of  reaction 
USA  is  a  major  component  which  later  decays  while  total  yields  of  U2  +  liBA  + 
CPD  remain  the  s.une  due  to  i r.creasod  forration  of  UL . 


Despite  much  higher  concentrations  of  Q.‘ I  in  tiie  experiments  with  0E  than 


with  MPH,  no  f,Q  has  been  detected  ":><ior  those  conditions  suggesting  that  dircri- 
zation  of  QM  is  slowov'  than  other  reactions. 

Reactions  -T  Q.  The  retardin']  ability  of  Q  nenticnod  above  was  confined 
in  a  separate  autoxidafion  experiment  with  Q  added  (Figure  10).  This  behavior 
contrasts  with  that  of  Q  in  autoxidizino  u  tralin  at  1 20°C  where  it  was 
rej.'orted  that  Q  does  not  affect  oxygen  absorption. ^ 

Reactions  of  Q00;1.  In  the  same  study  as  above,4  QCOil  was  reported  to  have 
retarding  activity  which  was  attributed  to  MPH,  one  of  the  two  Q00H  thermal 
decomposition  products  (iiPli  and  QOH). 

In  our  experiments  (Table  3,  runs  163-165),  the  fast  decomposition  of  QbC!! 
(Figure  11)  and  formation  cf  MPH  (figure  12)  was  also  observed,  however,  only  minor 
amounts  oi  i)n:,  which  is  stable  under  conditions  o=  this  expunw.-nl,  wore 
detected.  Instead,  formation  of  substantial  amounts  of  QM  (Figure  13)  wore 
observed,  Decomposition  of  Q00H  was  accelerated  and  formation  of  MPii  and  QM  was 
significantly  affected  !>y  the  presence  of  excess  hydroperoxides.  In  the  absence 
of  hydroperoxides  (or  at  their  low  concentrations),  MPH  was  formed  in  the  amount 
corresponding  to  half  of  Q00H  decomposed,  while  in  the  presence  of  excess  hydro¬ 
peroxides  in  the  amount  corresponding  to  only  one  sixth  cf  that  (based  on  the 
inhibition  period  corresponding  to  a  complete  decay  of  MPH).  A  very  similar 
trend  was  exhibited  by  QM  which,  however,  as  in  experiments  with  OF,  underwent 
further  reactions,  the  extent  of  which  was  again  dependent  on  the  presence  of 
hydroperoxides.  Yields  of  QM  were  highest  when  QOOli  was  decomposed  under  Ar  and 
negligible  when  excess  hydroperoxides  were  present.  Correspondingly,  highest 
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Figure  12.  Formation  of  MPH  upon  addition  of  QOOM  into  HD  at.  1S0°C 


no 


l 


yields  or  L1 3  +  U4  i cure  14 )  and  0  (l‘i guru  1?)  wore  observed  i r  proon di ?.>■*  1. 

In  con^o'-i son  to  Q£  experiments,  however,  s.  1  • ; ri i f i  candy  . ncrosse.-i  yields  of  “■ 
mA  +  CPI'  end  U1  (Figure  14}  were  observed  upon  addition  of  QCO!!  ir.  the  pros  or  c* 
of  excess  hydroperoxides.  This  suggests  1  hot  these  products  do  not  or  i  •-’i  note 
fron  Qfi  but  fron  other  interactions  specific  for  these-  con-ii tions.  Those 
interactions  could  include  fust  decomposition  of  QC-f;;;  which,  for  that  reason, 
was  detected  only  in  trace  anoints.  The  decomposition  of  QOOR  would  else  sup¬ 
port  increased  formation  of  CPS'1  and  QOH  (Figure  15)  under  these  conditions. 

Based  on  results  obtained,  it  is  likely  that  QOed.  decomposes  with  formal  ion 
of  PO®  and  ®(OM.  When  oxygen,  hydroperoxides,  and  R(V>  are  absent  PO®  undergo: 
disproportionation  reactions  leading  to  OF  and  iiPd,  reaction  PC',  while  in  tire 
presence  of  hydroperexi  des  under  autexi  i-.ti.w  condi  1  ions  PC*  *>.  :><•  a  tier  : 
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of  reaction  ??.  reaction  P6  is  suppressed  and  so  is  the  formation  of  F.PH  and  Q".. 

React  i-'-s  cf  00'":’  (  P-tort-b  .  ''v  I ) .  Ren  tilts  obtained  with  OCFF(tfu)  sh 

that  this  compound  undergoes  fast  do  compos i t ion  (Figure  if)  which  is  faster  than 
that  of  CjCOil  but  it  does  not  produce  any  appreciable  amounts  of  o  ;  an .1  ’-FH  as  it 
did  in  the  case  of  O00K.  In  the  absence  of  hydroperoxides  this  decomposition 
leads  to  formation  of  Qil  and  an  unknown  component,  U5.  These  results  could  ho 
e '.plained  by  the  presence*  of  two  modes  of  doconposi ton:  one  leading  to  PC*-  -nr 
tP-u'p®  and  the  other  to  Q0*  and  t3u0*.  Abstraction  of  hydrogen  fron  Hi.'  by 
ti  uOa*  and  t-luO®  produces  R®  which  reacts  with  PO®  tc  form  QR.  Recombination-  of 
tiu.fioo  wi tii  PO®  leads  to  original  QOOFt(tOii)  and  combination  of  thud:-  -,,-itli  PC'  to 


QOiKtbu).  Thus,  component  1)5  probably  is  QCP(tBu).  This  assigir  ont  seems 


■’S  to  re 


(1)  c 


(2) 
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Deter:-.;  ration  of  the  absolute  rate  c^j: » t«* .*ttc  for  autoxidation  reactions  <  •, 
elevated  to*  gcrature-s  r  :  u  i  ros  acenra  le  <!:•  Lr 1  nation  o'-  the  rate  of  initiation 
as  a  funcitoo  of  hydroneroxi do  concentration.  One  method  of  measuring  the  rate 
of  initiation  is  the  inhibitor  ;  ethod  which  is  co:.  only  used  at  low  t.r- 
peratures.  In  this  webbed,  the  rate  of  initiation  can  be  derived  from  either 
measuring  the  initial  rate  of  inhibitor  consumption  or  by  measuring  the  inhibi¬ 
tion  period  providing  that  the  mochanisn  of  radical  termination  with  the 


antioxidant  is  known, 
used  for  this  purpose  a 
Figure  1.  In  this  case 


2 ,G- Di ~t"b» ty  1-4-mc- thy  1  phenol ,  which  is 

t  low  temperatures,  functions  bv  the  mechanism 
each  mol  eerie  of  antioxidant  tot  r.i  nates  i-c  rad 


commonly 
shewn  in 
icals  ar;! 


the  final  product  is  a  poroxycycHhexadiertcre,  000P.  At  elevated  temperatures 
peroxycycloheradienones  ore  un$t< Me  end  thei r  decomposition  lead  to  formation  of 
free  radicals. 


'./hen  f.PM  is  added  into  an  an t di  a  I  r.g 
(Figure  2)  it  still  inhibits  the  artoxi nation  r 
peroxide  concentration  which  re no i ns  constant 
sui-ed  and  only  then  the  autexida tion  resumes. 


substrate  at  h'gi  :r  tenner? trues 
a' c lions  as  measured  by  the  hydro™ 
until  tine  I’.Pn  is  completely  con- 
The  concentration  c-f  QOOR  during 


the  inhibition 
sumption  of  lb’ll 
the  system  sec; 
order  decom-csi 
to  forma  tier,  of 


period  increases  but  the  yields  of  QOGi:  are  lower  than  the  c.cn- 
(Figure  3).  The  shape  of  the  curve  for  accumulation  cf  QOOF;  in 
is  to  be  cons  is t  with  Q00":  formation  from  IIP!;  and  its  first 
cion.  Also,  the  increasing  rate  cf  MPI!  consumption  could  be  due 
radicals  from  QOC il  decomposition. 


Cone..:,  trati  ons 


P’H  and  OCOi:  shewn  in  Figure  3  were  reasu 


d  by  reversed- 
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wso  !'  i his  -lysis  sir that  he  . i  ’ ~ s  0*>0h  at  lc-as 

tier  prv  '  ;cts  are  U.*i  :n  formed  under  our  «.,'>».*<? i  tions  {:  inure  4 ) .  From  these  pro- 
ducts  wo  h-w.  e  idertiiiod  six,  which  alone  wi  th  Q00*1  account  for  c.ily  aitou  i  C'A 
of  :;?’!!  reacted.  Even  with  this  i  ncnryl  '•to  product  recovery  th:  infer::-;-  tier 

obtained  combined  vn'th  the  dace  from  1 1 : literature  allows  that  a  reactin' 
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affect  the  inhibition.  Q,  as  was  reported  previously,!  s 'lightly  retards  oxida¬ 
tion  but  only  a  small  fraction  is  reacted  at  the  end  of  the  inhibition  periods. 
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Introduction 

Primary  reaction  products  formed  in  the  autoxidation  of  _n_-alkanes  at  ele¬ 
vated  temperatures  (120-1R0°C)  include  i)  series  of  isomeric  hydroperoxides, 
hydroperoxyketones ,  and  di hydroperoxi des ,  which  are  major  products  and  origi¬ 
nate  from  inter-  and  intramolecular  hydrogen  abstraction  reactions  of  peroxy 
radicals,  and  ii)  isomeric  ketones  and  alcohols,  which  originate  from  ter¬ 
mination  reactions  of  peroxy  radicals  and  are  formed  in  minor  amounts  (1). 
Analysis  of  these  primary  products  requires  a  complex  sequence  of  analytical 
procedures  (1,2).  Due  to  the  thermal  i  nsteK’- ' 'ty  of  the  hydroperoxi  di  c  pro¬ 
ducts,  these  procedures  involve  selective  ductions  prior  to  gas  chroma¬ 
tographic  analysis  of  the  correspond!-  ng  reduction  products.  Also,  at  low 
conversions,  enrichment  of  the  reaction  products  is  needed  prior  to  analysis 
(1). 

High  performance  liquid  chromatography  (HPLC)  can  be  used  ‘or  direct  analy¬ 
sis  of  thermally  unstable  products  without  sample  pretreatment.  Recently,  this 
technique  h3S  been  applied  to  analysis  of  low  molecular  weight  peroxides  (3) 
and  alkylhydroperoxides  (4)  using  UV  detection  at  220-225  nm,  of  tert- 
butylhydroperoxi de  using  amperometric  detection  (5),  and  of  hydroperoxides  of 
fatty  acids  (6-8)  with  UV  detection  based  on  the  conjugated  double  bond  absorp¬ 
tion  at  235  nm. 

This  paper  describes  procedures  for  direct  determination  of  isomeric  hexa- 
decylhydroperoxi des ,  hydroperoxyhexadecanones ,  and  hexadecanedihydroperoxides 
derived  from  the  autoxidation  of  _n_-hexadecane  at  120-180°C  using  normal  and 
reverse-phase  HPLC  with  UV  detection  at  254  nm. 


Experimental 


Reagents  and  Standards 

All  of  the  standards  used  were  commercial  products  except  the  1-,  2-,  and 
5-hexadecyl hydroperoxides  which  were  synthesized  as  described  previously  (1). 
Solvents  used  for  HPLC  were  di st i 1 led-i n-gl ass  grade  from  Burdick  and  Jackson 
Laboratories.  Autoxidized  jv-hexadecane  was  prepared  at  conversions  of  0.1-2. 3 
percent  using  a  stirred-flow  microreactor  (1). 

Apparatus 

A  Waters  HPLC  system  consisting  of  Model  6000  solvent  delivery  pump,  U6K 
septumless  injector,  R401  refractive  index  detector,  and  440  UV-VIS  detector  was 
used  for  all  of  the  analyses.  Peak  areas  were  determined  using  two 

Hewlett-Packard  Model  3380A  integrators  and  a  cut  and  weigh  procedure  where 
necessary.  In  all  HPLC  analyses  Waters  Radial-PAK  CIS  or  Si  cartridges  (5  and 
10p,  8mm  x  10  cm)  were  used. 

Methods 

HPLC  analyses  were  carried  out  using  the  following  procedures:  1)  isocratic 
normal-phase  HPLC  with  Radial-PAK  Si  cartridges  and  a  binary  mobile  phase  consisting 
of  methanol  and  hexane  (0.3:99.7),  Procedure  1;  2)  isocratic  reverse-phase  HPLC 
with  Radial-PAK  C18  cartridges  and  a  ternary  mobile  phase  consisting  of  water, 
methylene  chloride,  and  acetonitrile  (5:10:85),  Procedure  2;  and  3)  isocratic 
reverse-phase  HPLC  similar  to  Procedure  2  but  with  a  binary  mobile  phase  con¬ 
sisting  of  water  and  acetonitrile  (15:85),  Procedure  3. 

In  each  of  the  above  procedures  the  effluent  flow  was  1  inL/min  and  UV 
detection  was  performed  at  254  nm.  Sample  volumes  injected  were  10  to  25  pL 

depending  on  the  concentration  of  oxidation  products. 
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The  procedure  for  f ractionation  of  autoxi di zed  n_-hexadecane  involved 
placing  5  mL  of  autoxi  di  zed  _n_-hrxadecane  on  a  SEP-PAK  silica  cartridge  and  eluting 
with  two  10  mL  portions  of  hexane  (Fractions  1  and  2)  followed  by  seven  5  mL 
portions  of  \%  methanol  in  hexane  (Fractions  3  through  9). 

Gas  chromatographic  (GC)  analysis  of  triphenylphosphine  reduced  hydro- 
peroxidic  products  from  _n-hexadecane  autoxidation  has  been  described  previously 
(1).  In  this  analysis  isomeric  hexadecylhydroperoxi des  are  determined  as 
corresponding  hexadecanol s ,  hexadecanedi hydroperoxi des  as  corresponding  diols, 
and  hydroperoxyhexadecanones  as  dehydration  products  of  the  corresponding 
hydroxyhexadecanones . 

Triphenylphosphine  reductions  and  measurement  of  total  hydroperoxide  con¬ 
centrations  ([-00H])  were  carried  out  by  procedures  described  previously  (1). 
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Results  and  Discussion 

Preliminary  analyses  were  performed  using  a  Waters  nBondapak  C18  stainless 
steel  column  (3.9  mm  x  30  cm).  In  these  studies,  the  maximum  injection  volume 
was  limited  to  5  uL  of  oxidized  n_-hexadecane  since  with  larger  injection  volumes 
severe  peak  broadening  occurred.  Thus,  only  samples  containing  higher  hydro¬ 
peroxide  concentrations  could  be  analyzed  or  preconcentration  of  hydroperoxides 
in  the  samples  by  silica  column  chromatography  was  needed.  With  the  Radial-PAK 
cartridges  samples  of  up  to  25  pL  could  be  injected  without  appreciable  peak 
broadening.  This  larger  capacity  is  probably  due  to  the  larger  internal 
diameter  of  the  cartridges  and  possibly  the  difference  in  packing  materials. 

A  typical  chromatogram  of  autoxidized  n_-hexadecane  obtained  using  normal- 
phase  HPLC,  Procedure  1,  is  in  Figure  1.  Under  these  HPLC  conditions,  the  iso¬ 
meric  hexadecylhydroperoxides  as  well  as  the  series  of  2-alkanones  (major 
cleavage  products)  car.  be  separated  and  the  former  can  be  quantitatively  deter¬ 
mined.  The  hydroperoxyhexadecanones  and  hexadecanedi hydroperoxi deS ,  however, 
are  not  eluted  under  these  conditions. 

In  order  to  elute  the  hydroperoxyhexadecanones  and  hexadecanedihydro- 
peroxides  reverse-phase  HPLC,  Procedure  2,  was  utilized.  The  ternary  solvent 
system  used  in  this  procedure  was  selected  to  satisfy  the  diverse  needs  of 
separation  of  the  hydroperoxy  compounds  and  elution  of  unreacted  _n-hexadecane  in 
a  reasonable  time  (less  than  45  minutes).  Under  these  HPLC  conditions  quan¬ 
titative  analysis  of  the  isomeric  hexadecylhydroperoxides  as  well  as  semi- 
quantitative  analysis  of  isomeric  hydroperoxyhexadecanones  and 
hexadecanedihydroperoxides  can  be  accomplished.  A  typical  chromatogram  from 
this  analysis  is  in  Figure  2. 
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Figure  1  HPLC  separation  of  an  autoxldlzed  _n-hexadecane  sample  ([-0011]  B  6.31  x 
lO'^M)  obtained  using  HPLC  Procedure  1  (ROOH  - 
hexadecyl hydroperoxides;  R'COR"  -  Hexadecanones). 


Figure  2  HPLC  separation  of  an  autoxldiaed  _n-hexadecane  sanple  ([-00H3  «  6.31  x 
10*?M)  obtained  using  HPtC  Procedure  2(R00H  -  hexadecylhydroperoxldes; 
R'COR"  -  hexadecanones;  HOOR^O  -  hydroperoxyhcxadecanones;  R(00H)2  - 
bexadecanodlhydroperoxl des) . 
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The  assignments  of  peaks  for  1-,  2-,  and  5-hexadecy  1  hydroperoxi d--s  and 
2-alka:iones  in  Figures  1  and  2  are  based  on  the  retention  volumes  of  standards. 
Confirmation  of  the  peak  assignments  for  1-,  2-,  and  5-hexariecylhydroperoxi des 
was  made  by  mixing  each  standard  with  an  oxi di  zed  n_-hexadecane  sample  and  then 
analyzing  the  mixtures  by  Procedures  1  and  2.  Peak  assignments  for  the  other 
isomeric  hexadecylhydroperoxi des  are  made  by  analogy.  Assignments  of  the  groups 
of  peaks  for  isomeric  hydroperoxyhexadecanones  and  hexadecanedihydroperoxi des  in 
Figure  2  are  based  on  the  results  of  GC  analyses  of  reduced  chromatographic 
fractions  of  autoxi  di  zed  n_-hexadecane  as  described  below. 

The  relative  hexadecylhydroperoxi de  (ROOH)  isomer  distribution  obtained 
from  semi -quantitati ve  HPLC  analyses  of  the  autoxidized  _n-hexadecane  has 
been  found  to  be  similar  to  that  obtained  from  GC  analyses  of  corresponding 
alcohols  (ROH)  after  reduction  (Table  I). 

Calibration  for  quantitative  determination  of  isomeric  hexadccylhydro- 
peroxides  by  HPLC  was  based  on  the  results  of  GC  analyses  since  hexadecylhydro- 
peroxide  standards  were  not  available  in  sufficient  purity  to  permit  their  use 
for  this  purpose.  Results  of  this  comparative  calibration  for  determination  of 
total  hexadecylhydroperoxides  are  shown  in  Figure  3  where  the  sum  of  hydro¬ 
peroxide  peak  areas  divided  by  injection  volume,  A^plc »  an  autoxidized  sample 
are  plotted  versus  the  known  total  concentration  of  hydroperoxides,  [ROOH], 
determined  by  the  GC  method  (1).  Regression  analysis  of  this  data  gives  a 
linear  relationship  with  a  coefficient  of  correlation  of  0.998. 

Analytical  standards  for  determination  of  isomeric  hydroperoxyhexadecanones 
and  hexadecanedihydroperoxides  are  not  available.  In  order  to  identify  the 
peaks  corresponding  to  these  compounds  a  series  of  samples  containing  different 


Idl-  .  I  ,  1 _ 1  1 _ I _ I  1 

5  10  15  20  25  .  30  35 

[R00H]6C  /mmol 


Figure  3  Calibration  plot  for  Isomeric  hexadecyl hydroperoxides  ( ROOH ) :  rela¬ 
tive  Integrated  HPLC  (Procedure  2)  peak  area  per  yl  of  sample  volume, 
aHPLC»  versus  [ROOH]qC  determined  by  GC. 
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relative  amounts  of  Isomeric  hydroperoxyhexadecanones  anrl  hexadecan*>di hydro- 
peroxides  were  prepared  by  fractionation  of  autoxidized  n-hexadecano  using  a 
silica  SEP-PAK  cartridge.  These  samples  were  analyzed  by  HPLC  Procedure  3  and 
after  tri phenylphosphi ne  reduction  also  by  GC.  Peak  positions  for  the  groups  of 
a,  y-  and  a,  6-substi tuted  hydroperoxyhexadecanones  and  hexadecanedi nydroporoxi - 
des  were  assigned  based  on  a  comparison  of  the  HPLC  and  GC  analyses  of  these 
samples.  The  HPLC  traces  of  two  of  these  samples  (Fractions  7  and  8)  are  shown 
in  Figures  4  and  5.  Positive  identification  of  individual  isomers  and  quan¬ 
titative  calibration  in  the  absence  of  standards  is  not  possible  at  the  present 
time. 

Conclusions 

HPlC  procedures  have  been  developed  for  direct  analysis  of  isomeric  hydro- 
peroxidic  products  formed  in  the  autoxidation  of  _n-hexadecane  at  elevated  tem¬ 
peratures.  Procedures  1  and  2  allow  quantitative  determi nation  of  individual 
and  total  isomeric  hexadecylhydroperoxi des  and  Procedures  2  and  3  allow  semi- 
quantiative  estimation  of  isomeric  hydroperoxyhexadecanones  and  hexadecanedi - 
hydroperoxides.  Although  Procedure  2  does  not  provide  separations  equal  to 
either  Procedures  1  or  3  it  allows  detection  and  reasonable  separations  of  all 
three  of  the  above  types  of  compounds  in  15  minutes. 


163 


I 


References 


1.  R.  K.  Jensen,  S.  Korcek,  L.  R.  Mahoney,  and  M.  Zinbo.  Liquid-Phase 
Autoxidation  of  Organic  Conpounds  at  Elevated  Temperatures.  1.  The  Stirred 

i 

Flow  Reactor  Technique  and  Analysis  of  Primary  products  from  n-Hexadecane 
Autoxidation  at  120-180°C.  J.  Am.  Chem.  Soc,  101:  7574-7584  (1979). 

2.  B.  D.  Boss,  R.  N.  Hazlett,  and  R.  L.  Shepard.  Analysis  of  n-Paraffin 
Oxidation  Products  in  the  Presence  of  Hydroperoxides.  Anal.  Chem.  45: 
2388-2392  (1973). 

3.  L.  A.  Cornish,  R.  Ferrie,  J.  E.  Paterson.  High  Pressure  Liquid 
Chromatography  of  Some  Organic  Peroxides.  J.  Chromatogr.  Sci .  19:  85-87 


4 


(1981). 

W.  J.  M.  VanTilborg. 

rnnorrvy-i  ripe  K%»  Hi 

115:  616-620  (1975). 


Qualitative  and 
Performance  Liquid 


Quantitative  Determination  of 
Cb r omat ography •  J.  Chroma l ogr. 


5.  M.  0.  Funk,  M.  B.  Keller,  and  B.  Levison.  Determination  of  Peroxides  by 
High  Performance  Liquid  Chromatography  with  Anperometric  Detection.  Anal . 
Chem.  52:  771-773  (1980). 


6.  N.  A.  Porter,  J.  Logan,  and  V.  Kontoyiannidou.  Preparation  and  Purification 

of  Arachidonic  Acid  Hydroperoxides  of  Biological  Importance.  J.  Org.  Chem. 
44:  3177-3181  (1979). 

7.  D.  K.  Park,  J.  Terao,  and  S.  Matsushita.  High  Performance  Liquid 

Chromatography  of  Hydroperoxides  formed  by  Autoxidation  of  Vegetable  Oils. 
Agric.  Biol.  Chem.  45:  2443-2448  (1981). 


amUiMItSmtitiiii 


VI.  E.  Neff,  E.  N.  FranLel,  and  F).  Vleisleder.  High-Pressure  Liquid 
Chromatography  of  Autoxidized  Lipids.  II.  Hydroperoxycycl i c  Peroxides  and 
Other  Secondary  Products  from  Methyl  Linolenate.  Lipids  16:  4 39-44P.  (1981). 


r 

I 

I 

I 

I 

1  PART  VII 


1 


I 


I 

I 


xur  r crrrTc  ac  a iitov  ta  at t  a»»  am  ur 

•  mu  urrtuio  ui  nUlu/auni  iUM  u u  HLhl\ 


IN  A  SYSTEM  LUBRICATED  WITH  n-HEXADECANE 


P.  A.  Willermet,  S.  K.  Kandah,  and  R.  K.  Jensen 


>>  .jCvh  j- 


167 


INTRODUCTION 

In  our  earlier  studies  of  effects  of  oxidation  products  on  wear*  carried 
out  with  oxidized  PETH  and  with  PETH  containing  model  oxidation  products 
(alkanoic  acids,  dibasic  acids,  diacid  monoesters,  and  _t-butyl  hydroperoxide) , 
it  was  concluded  that  the  wear  rates  are  independent  of  the  concentration  of 
hydroperoxides  at  concentrations  above  ca.  100  x  10~4  M  and  that  they  are  greatly 
accelerated  by  dibasic  acids  and  dibasic  acid  esters.  Based  on  our  investiga¬ 
tions  of  the  kinetics  and  mechanisms  of  autoxidation  of  _n-hexadecane,  in  this 
substrate  dibasic  acids  and  diacid  nonoesters  are  not  formed  and  major  oxidation 
products  include  monohydroperoxides,  di hydroperoxi des,  hydroperoxyketones,  and 
alkanoic  acids.  The  relative  ratios  of  these  products  were  found  to  depend  on 
oxidation  conditions.  At  lower  oxygen  pressures  the  oxidation  products  consist 
mainly  of  rnonohydroperuxiilei  and  contain  smaller  amounts  of  difunctional  and 
acid  products  than  at  high  oxygen  pressures. 

Since  autoxidation  of  PETH  and  jv-hexadecane  model  lubricants  produces  such 
widely  differing  product  distributions,  an  investigation  of  the  effects  of 
autoxidation  on  wear  in  a  system  lubricated  with  j^-hexadecane  should  provide 
additional  insight  into  the  relationships  between  lubricant  degradation  and 
wear. 


EXPERIMENTAL 

Mear  Measurements.  Hear  experiments  were  carried  out  under  a  dry  air 
atmosphere  using  a  Roxana  Four-Ball  apparatus.  Initial  experiments  were  con¬ 
ducted  at  100°C  and  10  Hz  (600  rpm)  to  allow  a  more  direct  comparison  with  the 


earlier  PETH  results. *  However,  large  irregular  wear  scars  were  obtained  with 
fresh  jv-hexadecane  at  even  the  lowest  practical  loads.  Further  work  was  accor¬ 
dingly  conducted  at  40*C. 

The  initial  siezure  load  (ISL)  was  determined  by  a  series  of  2  minute 
experiments.  Fresh  _rv-hexa  decane  gave  an  ISL  of  10-12  kg.  The  oxidized  samples 
gave  values  above  30  kg. 

From  these  results,  the  following  conditions  were  selected  for  the  first 
series  of  experiments  conducted  at  constant  load  and  variable  test  tines:  40*C, 
10  Hz  and  4  Kg.  A  second  series  of  experiments  was  carried  out  with  variable 
loads  at  40#C  and  10  Hz  for  a  constant  time  of  4  or  6  hours. 

Hydroperoxide  Determination.  It  was  found  that  soluble  iron  in  the  wear 
test  samples  interfered  with  iodonetric  determination  of  hydroperoxides. 
Attempts  to  remove  soluble  iron  by  extraction,  and  with  complexi  ng’ agents  and 
ion  exchange  resins  were  either  unsuccessful  or  resulted  in  the  loss  of  hydroperox¬ 
ides.  Accordingly,  the  extent  of  interference  was  determined  by  preparing  solu¬ 
tions  of  ferric  octanoate  and  _t-butyl  hydroperoxide  in  a  synthetic  hydrocarbon 
solvent.  Plots  of  titration  value  vs.  hydroperoxide  concentration  were  obtained 
for  soluble  iron  concentrations  of  0.36  x  10"4  Jl,  2.1  x  10"4  and  42  x  10"4 
These  plots  were  checked  by  adding  ferric  octanoate  to  known  solutions  of  oxi¬ 
dized  synthetic  hydrocarbon  and  determining  the  effect  of  the  added  iron  on  the 
titration  value. 


Hydroperoxide  concentrations  in  wear  test  samples  were  then  determined  by 
diluting  the  samples  to  one  of  the  soluble  iron  concentrations  given  above  and 


taking  a  correction  factor  from  the  master  plot  to  com pc”  ;te  for  the  inter¬ 
ference  effect. 

Soluble  Iron  Determination.  Soluble  iron  was  determined  spectrophoto- 
metrically  after  formation  of  a  colored  complex.  A  solvent  mixture  consisting  of  3 
parts  by  volume  each  of  n-propanol  and  n-butanol  and  1  part  CHC1 3  was  prepared.  A 
solution  of  0.2  g  1,10-phenanthroline  in  50  ml  of  the  solvent  was  made.  A 
solution  of  1  g  hydroquinone  in  10  ml  solvent  was  made  up  shortly  before  use. 
An  aliquot  of  0.5  ml  of  the  lubricant  sample  was  added  to  a  5  ml  volumetric 
flask.  Addition  of  0.5  ml  of  the  hydroquinone  solution  was  followed  by  suf¬ 
ficient  amount  of  1,10-phenanthroline  solution  to  make  a  total  volume  of  5  ml. 
After  allowing  at  least  30  minutes  for  full  color  development,  the  solution  was 
placed  in  a  1  cm  quartz  cell  and  the  absorbance  maximum  at  5200  A  was  determined 
against  a  blank.  The  absorbance  dL  6500  A  was  taken  as  zero.  The  color 
remained  stable  for  several  hours.  Concentrations  were  determined  by  comparing 
the  absorbance  versus  concentration  obtained  with  a  set  of  ferric  octanoate 
standard  solutions. 

Materials.  Fresh  jv-hexadecane  was  purified  by  percolation  through  silica 

gel. 

Autoxldized  samples  varying  in  the  concentrations  of  different  products 
were  prepared  by  changing  conditions  In  the  stirred  flow  micro-reactor2  (Table 
1).  Samples  SFR-232,  240  and  268  were  prepared  at  115  kPa  oxygen  pressure  and  contain 
ca.  30-45  x  10“4  M  acid  products,  [-C00H],  and  ca.  240-270  x  10"4  M  of  total 
hydroperoxides,  [-00H]r,  of  which  ca.  125-150  x  10-4  M  are  monohydroperoxides, 


Table  1.  -  Analyses  of  _rv-Hexadecane  Samples  Autoxidized 
in  the  Stirred  Flow  Reactor  at  180°C 


Oxidation  Products* 


SFR  Conditions 
p02  T 

Sample  #  (kPa)  (s) 

C-ooh]r 

[H00H] 

[ROOH] 

_ H  _/lp4 

2LR ( 00H ) 2 J 
+  [H00R=0] 

[-C00H] 

SFR-232 

115 

114 

can 

13.5 

cm 

112 

DC 

SFR-240 

115 

116 

[JeT 

- 

me 

115 

DC 

SFR-268 

115 

116 

IM2 

- 

me 

140 

- 

SFR-233 

9.5 

197 

243 

5.6 

178 

65 

17 

SFR-234 

9.6 

154 

164 

4.4 

urn 

49 

1C 

SFR-235 

9.4 

304 

454 

9.9 

373 

81 

DC 

SFR-239 

9.5 

304 

430 

- 

350 

80 

DC 

♦Concentrations  given  at  room  temperature 


171 


[ROOH],  and  the  rest  are  dihydroperoxides  and  hydroperoxy  ketones,  i.e., 
2 [ R ( 00H ) 2 ]  +  CHOOR-O].  Samples  SFR-233,  234,  235,  and  239  were  prepared  at 
reduced  oxygen  pressure  of  ca.  10  kPa  and  different  residence  times  to  match 
different  products  in  SFR-232.  Sample  SFR-233  was  prepared  to  match  the  total 
peroxide  concentration,  SFR-234  the  monohydroperoxide  concentration,  and  SFR-235 
and  239  the  acid  concentration. 

A  sample  of  concentrated  monohydroperoxides  was  prepared  by  autoxidizing 
n-hexadecane  for  340  s  at  9.3  kPa  O2.  The  autoxidized  sample  was  adsorbed  on  a 
silica  gel  column  and  washed  with  hexane  to  remove  most  of  the  unreacted  jt_- 
hexadecane.  Monohydroperoxides  were  then  eluted  with  CH2C12.  The  sample  was 
characterized  by  HPLC3  and  found  to  consist  essentially  of  monohydroperoxides. 

Heptanoic  acid  was  obtained  cowmen; i ally  as  reagent  grade  material. 

RESULTS  AMD  DISCUSSION 

Wear  with  Pure  and  Autoxidized  n-Hexadecane. 

Preliminary  Experiments.  We  have  previously  reported  preliminary  results 
illustrating  the  influence  of  autoxidation  on  wear  in  a  system  lubricated  with 
j^-hexadecane.4  Additional  experiments  were  conducted  shortly  thereafter  aimed 
at  defining  the  chemical  bases  for  the  observed  effects.  The  results  of  more 
recent  experiments,  however,  were  found  to  differ  in  magnitude  from  the  origi¬ 
nal  data,  apparently  due  to  an  error  in  measuring  the  applied  load  in  the 
earlier  work.  Accordingly,  we  have  elected  to  re-run  the  more  important  experi- 


ments  even  though  this  will  delay  completion  of  this  work.  Since  the  earlier 
experimental  results  are  self-consistent  and  showed  the  same  trends  as  the 
recent  work,  we  shall  refer  to  them  as  appropriate  in  this  report. 

Effects  of  Load.  Experiments  at  4  kg  load  gave  reproducible  results  for 
pure  jr-hexadecane  (Fig.  1)  and  for  SFR-239  (Fig.  2).  Similar  data  for  SFR 
240/268  showed  scatter  (Fig.  3).  By  varying  the  test  load  at  4  h  test  time,  the 
cause. of  this  scatter  was  found  to  be  an  abrupt  wear  transition  at  4-5  kg  load 
(Fig.  4).  At  a  lower  load  (3  kg),  wear  was  a  linear  function  of  time  for  both 
stationary  and  rotating  balls  (Fig.  5).  At  a  higher  load  (8  kg),  art  apparently 
linear  wear  rate  region  was  preceded  by  a  period  of  higher  wear  for  the  sta¬ 
tionary  balls.  Ho  abrupt  wear  transition  was  observed  with  n-hexadecane  (Fig. 
6).  The  data  obtained  to  date  with  SFR-239  as  a  function  of  load  are  not  incon¬ 
sistent  with  a  similar  transition  (Fig.  7).  However,  scatter  was  not  evident  in 
the  wear  vs  time  data  (Fig.  2).  This  suggests  a  less  abrupt  change  In  wear  rate 
for  SFR-239  as  compared  to  SFR  240/268. 

Hear  Asymmetry.  In  earlier  work  we  have  found  that  the  distribution  of 
wear  between  the  rotating  and  stationary  balls  of  the  Four  Ball  machine  is,  in 
general,  asymmetric. 5  Hear  on  the  rotating  ball  may  be  greater  or  less  than  wear 
on  the  three  stationary  balls,  depending  in  part  on  lubricant  chemical  com¬ 
position.  In  the  present  study  we  have  observed  markedly  asymmetric  wear  with 
pure  and  autoxi di zed  jn_-hexa decane. 

With  pure  j^-hexadecane,  most  of  the  wear  took  place  on  the  stationary  balls 
with  the  wear  rate  being  constant  during  the  entire  test  time  (Fig.  1).  After 
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Fig.  2  -  Wear  volume  vs  test  time  with  n-hexadecanc  autoxidized  at  low  oxygen 
pressure  (10  kPa).  “ 
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TEST  LOAD,  kg 

The  effect  of  test  Toad  on  wear  with  _n-iiexadecane  autoxidized  at  high 
oxygen  pressure  (115  kPa). 


TEST  LOAD,  kg 

Fig.  6  -  The  effect  of  tost  "oar!  on  wear  with  pure  _n-hexadccane. 
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an  initial  break-in  period  (~  4  h)  the  wear  fate  for  the  rotation  ball  decreased 
to  nearly  zero  and  regained  at  that  value  even  at  16  h. 

This  asymmetric  wear  feature  was  reversed  for  samples  autoxidized  under  115 
kPa  O2  ( SFR-240  and  262).  At  3  kg  load  the  wear  rate  for  the  stationary  balls 
was  much  lower  than  that  for  the  rotating  ball  (Fig.  5).  At  S  kg  load,  similar 
behavior  was  observed  after  an  initial  period  (~  4  h)  of  symmetric  wear. 


Uear  with  Model  Oxidation  Products.  "cdel  experiments  were  initiated  to 
shed  light  on  the  results  obtained  with  the  autoxidized  materials.  Swnce  only 
preliminary  results  are  availaable  at  present  no  firm  conclusions  can  be  drawn. 
The  results  do,  however,  suggest  areas  for  further  investigation. 


Mcp.ohydrcpcrcxi dor.  added  tc  jv-hexodec-me  in  concentrations  comparable  lu 
the  total  hydroperoxide  concentrations  of  the  autoxidized  samples  had  little 
effect  cn  wear  for  either  the  stationary  or  the  rotating  balls  under  the  test 


conditions  employed. 


In  contrast,  heptsnoic  acid  had  a  substantial  impact  on  wear.  In  pure  jv- 
hexadecano  (Fig.  8),  an  acid  concentration  of  8  x  10~4  tl  decreased  stationary 
ball  wear  by  a  factor  of  6.  Uea>~  remained  at'  the  same  level  up  to  an  acid  con¬ 
centration  of  56  x  10-4  The  rotating  ball  was  little  affected.  In  a  400  x 
10“4  M  monohydroperoxide  solution  (Fig.  9),  12  x  M  acid  reduced  stationary 
ball  wear  by  one  half.  Vicar  remained  at  tnc  same  level  up  to  55  x  10“4  \\  acid. 
Rotating  ball  wear  went  through  a  minimum  as  the  acid  concentration  was  increased. 


At  the  highest  level  tested,  rotating  ball  wear  had  increased  by  ca.  30£. 
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HEPTANOI  C  ACID  CONCENTRATION,  M  x  10' 

9  -  Wear  vs  hcptanoic  acid  concent '•at ion  in  400  x  10-4  m  monohydroperoxidcs 
in  rHiexadocane.  Tost  conditions:  dO'C,  100  rpm,  4  Kq,  G  h. 
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Chemical  Changes  During  Wear 

Change  in  Hydroperoxide  Titer.  SFR-239,  SFR-240  and  a 

ntonohydroperoxi  de/n-hexadecane  admixture  all  showed  significant  decreases  in 
hydroperoxide  titer  after  the  test  (Fig.  10).  Model  system  results  suggest  that 
a  decrease  in  monohydroperoxide  concentration  during  the  course  of  a  wear 
experiment  might  not  affect  the  wear  rate,  but  not  enough  data  have  been 
generated  to  firmly  support  that  hypothesis. 

Effects  of  Hydroperoxide  Composition.  Samples  from  the  earlier  series  of 
experiments  with  SFR-232  through  235  were  analyzed  after  the  test  more 
thoroughly  than  were  samples  from  the  more  recent  series  of  experiments  (Table 
2).  The  data  show  that  the  loss  of  hydroperoxide  titer  from  difunctional  pro¬ 
ducts,  A (2[ R( 00H ) 23  +  [H00R=0])  *  A[-00H]p  -  A[R00H],  was  proportionately  larger 
than  the  loss  of  hydroperoxide  titer  from  mouofurictional  hydroperoxides, 
A[R00H],  for  SFR-232.  The  results  for  SFR-233  and  235  show  the  oppos'ite  and  for 
SFR-234  the  losses  are  about  equal.  These  differences  seem  to  be  reflected  in 
the  wear  test  results.  The  data  suggest  an  inverse  relationship  between  loss  of 
hydroperoxide  titer  from  difunctionals  and  wear  of  the  stationary  balls  (Fig. 
11).  Since  a,y  difunctional  intermediates  are  one  of  two  major  sources  of  acids 
in  autoxidizing  systems,6  it  is  tempting  to  speculate  that  loss  of  difunctionals 
is  connected  with  production  of  acids  in  the  wear  zone.  The  model  system 


results  suggest  that  this  would  reduce  stationary  ball  wear. 
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Fig,  10  -  Hydroperoxide  titer  during  wear  tests.  Test  conditions:  4  kg  load, 
40*C,  10  Hz. 
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Fig.  11  -  Stationary  ball  wear  vs  consumption  of  difunctional  hydroperoxides 

in  tests  with  autoxidized  n-hoxadecane  (SFR-232-235) .  Test  conditions: 
40*C,  10  Hz,  4  kg,  6  h.  “ 
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CONCLUSIONS 

The  experimental  results  presented  in  this  report  indicate  that  changing 
the  chemical  composition  of  jv-hexadecane  either  through  autoxidation  or  by 
adding  model  autoxidation  products  affects  the  wear  of  the  stationary  and  the 
rotating  balls  in  the  4-ball  wear  test  machine  differently.  A  composition 
change  can  simultaneously  increase  wear  on  one  surface  and  decrease  wear  on  the 
counter  surface.  Such  effects  may  be  ultimately  explicable  in  terms  of  the  dif¬ 
ferent  tribological  environments  of  the  counter  surfaces.  The  different  tri¬ 
bological  environments  may  well  affect  the  nature  of  the  surface  reaction 
layers. 

It  appears  at  present  that  carboxylic  acids  and  perhaps  di functional 
hydroperoxides  are  effective  in  reducing  stationary  ball  wear.  Data  at  present 
indicate  that  the  effect  of  monofur.cticnai  hydroperoxides  is  less  pronounced. 
The  effects  of  autoxidation  on  wear  in  systems  lubricated  with  jv-hexadecane  are 
complex.  Results  obtained  at  this  time  indicate  that  additional  studies  of  wear 
as  a  function  of  test  load  and  time  will  be  required  to  resolve  the  outstanding 
issues. 
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INTRODUCTION 

The  establishment  of  structure  -  react  ivitv  relationships  Is  of  considerable  scientific  and 
technological  imiortrv.ce.  In  this  won.,  we  describe  the  thecretical  basis  a:;d  development  of  the 
method  for  predict. i  g  the  effects  of  structure  cnanges  o:i  the  thermoxidative  stability  of  synthetic 
ester  lubricants 

Chao  and  towo;*ker®  i  II  have  recently  repartee:  me  results  of  a  systematic  *tudy  <-f  the  ef¬ 
fects  of  structural  eha'  ges  in  the  aiaanovloxy  crcao  on  the  physical  and  chemical  properties  of  syn¬ 
thetic  polyol  ester  lubricants.  The  relative  ther:r.<>xui3ti%  e  stabilities  "f  the  ma'cnals  were  deter¬ 
mined  by  measurements.  of  the  lengths  of  ir.htbui>>n  periods  in  the  presence  "!'  the  same  3m  *.  .t  A 
an  ami.ie  antiox.chr.t,  N-phcnvl-o-naj  hthyiamine  iPAN».  Although  the  inhibiti-  •:  periods  ir  h  ir.olo- 
gous  series  cf  c*:cr>  wc-re  ftvnd  to  decrease  rror. *t.v'.cal»v  with  increasing  r....nbt-r  *f  reactive  hy¬ 
drogens  in  the  alk;.v.-v  loxy  gn*un.  the  vf!\i-!-  were  r.  t  uud. live.  I  '.  Ttgute  1  at  •.•  shown  the  re-aU.s 
of  their  measurer  tr.s  i«»r  the  ovntan  >.*tc,  n-C-.  through  octm  '.ate.  n-<\.  :<.trnc<ters  «.•(  :  er.tae ry- 
thritcl  versus  a  it. tctiviiv  parameter.  1  N3  rRIil.  !r.  th*-  re  iciivi!;.  .•irameter .  N->  1*  average 
number  of  hydri-gi-.  atoms  *r.  the  mol. -i--.it  uf  suor-.ri.te.  i.H.  available  !  #r  Titer:.,  lieeuiat  an.-trao- 
u or.  React  ten  •'  ;ct.  :  t/.t  re  21.  ..  lh»  ,»i..e!e:  T-  -.«?•. -.1  •••»  li •<  -i  "'c-  *  •  react  :v-:  r.y~r )  ■ 

gens  avhtlauie  f..  r  ir.ierrnolecuinr  abstraction  rtact.cn  r-r-v  P».rr  <1  rhr  «.hv-  t. 

Such  non-additive  effects  on  the  .-ubifitv  of  these  lubricants  rmsl  f  t  ;•  part  due  to  the  in- 
creasing  importance  A  o .  Y  and  a,  8  1:  tj_.t::  oiec..iar  hydrogen  ab^traoti;  :i  na-tuns  as  the  run;..**r 
of  in  the  a’.kanoyloxv  group  increases  <L'.  3‘.  i  he  <  cc.irrt nee  of  ntram  dec:. la r  reac¬ 

tions  leads  to  ir.cr rased  rates  of  formation  of  nydr  .  er^xtee  prod  v'ts.  This  results  in  increased 
autocatalytic  character  of  the  oxidation  process  and.  tnus»,  it;  a  decrease  of  thermoxidative  stability 
of  higher  numbers  of  a  hnr.ologcus  series. 

Based  upon  these  considerations,  we  now  develop  a  kinetic-rr.nthe  natic*  model  relating 
the  length  of  expert  me:  tal  Inhibition  period.  tin^,  with  these  structural  effects  and  compare  the 
predicted  values  of  tjn>1  derived  from  the  model  w  ith  the  results  of  Chao  et  al  (1). 

DERIVATION  OF  KINETIC  EOLATIONS 

The  autoxidotion  of  pentacrythrityl  tetraheptat  oate.  PLTH,  at  ISO  to  220’C  Is  described 
by  the  Reaction  scheme  1-7  shown  in  Figure  2  (3».  T'us  reaction  scheme  can  be  generally  applied 
to  other  polyol  ester  lubricants.  Upon  the  additl*..:  cf  an  efficient  antioxidant.  AH.  Reaction  6  is 
replaced  by  the  Reactions  $  and  9.  B\  efficient  snti..xicant,  we  mean  that  for  these  species  Reaction 
8  Is  not  reversible  under  the  c<*ndition«  of  the  inhibition  period  measurement.  By  this  definition, 
hindered  phenols  and  N-pheryl-a-naphthylair.me.  PAN,  are  efficient  antioxidants. 

XO  •  *  AH  - >  XOOH  *  A  • 

2  e) 

(n-l)XO--  *  A'  - ►  non  radical  products 

z  “) 


where  n  is  equal  to  the  number  of  peroxy  radicals  consumed  by  reaction  with  a  molecule  of  AH. 
Under  these  conditions. 


(XO?  )* 


v'M,> 


-d(AH) 

dt 


I) 


•  fjeceased. 


and 


2k  (-OOll)  * 


-n  d(AH> 
dt 


U) 


At  elevated  temperatures,  :t,  draper oxv ketone  product*  rapidly  d«  e'>rroG"e  v:a  Reac¬ 
tion  ?:  tj  ■jjt)  is  equal  to  s  ut  I  •  u'C  and  1'.  j  s  at  23 2*C  compered  to  tj  j,  ^  t -j  a;  to  -I3J0  -*  at 

1?0*C  and  *7  s  at  232*0*  (3)  based  upon  the  assumption  that  o,  y-hyd ropcroxW. ttcni  M;ecu*s  do  not 

significantly  contribute  to  the  total  hydroperoxide  concentration,  the  rates  of  formation  r.f  t-.tal  hy¬ 
droperoxide  groups  are  then  g»ven  by. 


where  A  and  B  represent  composite  rate  constants  far  intra  and  intermolecular  abstraction  reac¬ 
tions,  see  Appendix  I.  When  intramolecular  reactions  do  not  occur  A  -  B  =  0.  Noting  that  the  time 
derivative  may  be  eliminated  from  Equation  ill. 

d(-OOH)t  -  C  (al,bl.ks.Us'H».K  (RH>.n„AHH  d(Al)  [V) 


The  values  o*  a^,  and  are  constants  calculated  fiom  the  structure  of  tho  reacting 
molecule  and  kinetic  data  fcf.  Appendix  1).  The  val  les  of  k«  (kg  H)  and  n  are  now  adjustable  para¬ 
meters  but  thev  may  also  be  obtained  from  experimental  data  if  available.  The  absolute  values  of 
kg  are  normally  much  less  sensitive  to  the  structure  of  the  reacting  peroxy  radical  tha-.  are  the 
values  of  k3  H  (41. 

Upon  integration 


f-OOHl 


(AH) 

r  1 

MH)o 


(I'll  b  .k  '{V  'H>.S  .!P.H>.n.fAH>1  d(AH> 
■  «  1  S  3  ; 


=  Gt»,.  b( ,  ly'fty'H) ,  Nj.  (RH) ,  n,  <AH)(,(AH)o! 
Combining  II  and  V 

‘if-  =CI«lIb(,k/(k;)/Hi,N..(RH).n.(AH)t,(AH)o] 
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VI) 


Rearranging  and  integration  results  in 
2k  <*H>t 

I.  [  2 _ d(AH. 

0  2‘ 1  J  G'YVW^'V 


,<RH),n,(AHV.(AH>  | 
1  t  o 


<AH) 


The  Inhibition  period  for  a  system  equals 


VII) 


times  the  value  of  the  integral  as 


(AH)fc 


— >  <AH>o 


3SI 


.J  -i 


Unfortunately,  the  integral  is  undefined  at 


(AH.  -  (AH) 

S 

and  the  integral  slowly  diverges  as 
(AH)t  (AH)q  . 


However,  the  ratio  of  integrals  for  a  system  I  where  A-0,  B-0  and  a  system  II  where  A*0.  Is*0  can 
be  calculated  using  numerical  procedures  described  in  Appendix  2.  Thus,  the  ratio  of  the  inhibi¬ 
tion  periods  of  systems  l  and  II  can  be  obtained  from  the  equation. 
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d(AH) 


nV,  t‘nh  (All)t-*-(AH)oGI(ks'(kJH).N..(P.H).n,(AH)t.(AH)o! 

Tii  TT“  * 

n  k  ,  t  . 

1  inh 
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d/AH) 


(AH)t-»  (All>oG  fa.,b..k9  <k3H).N..<RHkn.<AH)t.(AH>ol  VJ;I) 


Equation  Vin  is  utilized  (or  the  calculation  of  the  ratios  of 


t1  /tU 
inh  inh 


for  a  variety  of  polyol  ester  systems.  The  ratios  are  then  compared  with  literature  values.  Sys¬ 
tem  I  is  a  C-  or  lower  member  of  a  scries  since  intramolecular  abstractions  in  such  structures  are 
not  possible. 


n-C5— n-C$  ESTERS  OF  PFNTAERYTHRITOL 

In. Figure  3  are  plots  of  the  inhibition  periods  at  232’C  for  the  n-C- — o-C;  totraesters  of 
pentaerythritol  reported  by  Chao  et  al.  (1)  versus  corresponding  values  calculated  from  Equation 
Vni  as  a  function  of  the  value*  of  k5.  (k3  H).  The  value  of 

I 

*lnh 

was  set  at  33?  min.  and  n  2.  The  stoichiometric  factor  n  for  N-phenvI-o-naphthylamine  w  as  found 
to  be  approximately  equal  to  2  in  styrene  at  G5#C  (3)  and  also  in  PE  HI  at  200'C  (6).  A  value  of 

H)  equal  to  2.  5  x  IP**  results  in  a  poor  correlation.  The  correlation  improves  as  the  value 
Is  decreased  until  there  appears  to  be  little  effect  as  the  value  is  decreased  from  2.5  \  10**  to  1  x 
10^.  A  value  In  the  range  of  3  x  10^  would  be  predicted  for  k^  (k^  Hi  from  the  limited  kinetic  data 
on  N-phcnyl-o-naphth>  lairure.  We  estimate  from  the  temperature  dependence  of  the  au (oxidation  of 
pure  PETII  that  k3  H  w  ill  equal  23  M ~ls  at  232*C  (3). 

The  largest  differences  between  experimental  and  calculated  val  ues  of  occur  for  ihe 
n-Cg  ester.  It  is  likely  that,  due  to  steric  effects,  there  will,  in  fact,  be  a  slight  increase  ir.  the 
value  of  k3  H  as  one  ir  creases  the  length  of  the  ester  chain.  Utilizing  a  value  of  kg  (k3  H)  equal  to 
1.6  x  103  for  n-C.  ester  and  2.5  x  10^  for  n-C3  results  In  a  precise  agreement  of  calculated  and 
experimental  values. 

GEM-DIM  ETHYL  SUBSTITUTED  ESTERS  OF  PE  FT  A  E  R  V  TH  RITOL 

By  a  suitable  vboive  of  the  values  of  k,  Hi.  it  is  possible  to  generate  agreement  be¬ 
tween  experimental  ard  calculated  values  of  tin^  for  other  ester  systems.  In  Figure  4  la  the  result 


of  such  an  exercise  for  some  gem -dimethyl  substituted  pcntaerythrityl  alkanoatcs. 

In  these  gem-dimelnvl  systems,  the  values  <>f  k  f  n  include  s.gmfuant  contribution  of 
primary  peroxy  radicals  produced  from  reactions  oi  imciatu  .<  derived  radicals,  i  e  , 

XOOH  ->  XO  -  OH 


XO  ) 
HO  , 


ch3-c-ch3 


XOH 

HOH 


*  •  CH.-C-CH. 


CH  -C-CIL 
3  ,  2 


CH^C-CHg-OO- 
primary  peroxy  radical 


For  systems  other  than  the  3, 3-d i met hy  1  -C,  ester,  these  radical  species  can  undergo  in¬ 
tramolecular  reactions. 


CH  -C-CH.-OO 
3  ,  2 

?H* 


I 

CH  -C-CH  -OOH 
3  ,  2 

•CH 

I 


The  occurrence  of  these  reactions  would  lead  to  increased  values  of  kg.  H  and,  thus,  the  lower  val¬ 
ues  of  kg /(kg  II)  necessary  to  obtain  the  fit  shown  in  Figure  4. 

In  the  case  of  3,3-dimethyl-Cg  ester,  the  only  reactive  hydrogen  is  on  a  tertiary  carbon. 
I>ie  to  the  extreme  steric  effects  involved  in  its  abstraction,  the  value  of  k3  H  may  be  lower  than 
that  observed  for  a  secondary  C-H  abstraction  and  lead  to  the  higher  value  of  k^  (kg  H)  shown  in 
Figure  4. 

CONCLUSIONS 

A  method  was  developed  for  predicting  the  effects  of  structure  on  oxidation  properties  of 
polyol  ester  lubricant?  in  the  presence  of  an  efficient  antioxidant.  The  method  requires  knowledge 
cf  the  stoiC!ii''i”cu  ;c  i.«v»  u  f  i  the  ar.d  the  :  eln’.*'.  e  rv*.ctiv5tie«  cf  ’  :l)rs.<'*»f‘?-drrivf*d 

peroxy  radicals  in  ir.tra-  and  mtermolecular  hydrogen  abstract, on  reactions  iron;  the  lubricant  a:.u 
antioxidant.  The  mode)  developed  has  been  found  to  accurately  cescrioe  oxioiuon  properties  \ in¬ 
duction  periods)  for  n-C -  through  n-C*  pentaerythrit> l  tetraheptan.oates  containing  1  wt  r  N-phcnyi- 
Q--naphthyl amino  at  232'C  and  to  give  promising  results  for  gem-substituted  esters  »f  pentaerythri- 
tol  under  the  same  conditions.  In  the  latier  case,  however,  r:  ire  precise  determination  of  ratio 
kg/kg(RH)  is  required  to  obtain  complete  agreement  with  everiment.  It  is  concluded  that  a  similar 
general  approach  can  be  used  in  the  development  of  structure-reactivity  relationships  for  the  oxida¬ 
tion  of  other  lubricant  systems  providing  that  the  relative  reactivities  of  peroxy  radicals  in  hydro¬ 
gen  abstraction  reactions  and  antioxidant  stoichiometric  factors  for  these  systems  are  available 
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APPENDIX  1 


DERIVATION  OK  KINETIC  EXPRESSIONS 

The  composite  rate  constant:  A  ar.d  ft  tn  '  quati««i.  Ill  were  dei  t\rd  fro:  ,  Kinetic  analyses 
of  the  reaction  scheme  (Figure  II)  in  vi  h'rh  Reaction.  b  'Aas  rc,*Iact<I  by  Reactmns  *■>  ami 


1  *  bc  «  c(AH)  1  .  c.Uli 


1  ♦  l>_  *  CfAII)  1  •  b^  *  c(AH» 
ti  I’ 


B  = 


#d  bn 


1  -  b^  *  c(AH) 


1  ♦  I 


bG  ♦  c(AH,  I  ♦  b„ 


«  Mi) 


Al) 


All) 


The’ reaction  scheme  used  does  rut  ;*cluJe  a  reaction  -equenco  starting  u  th  HOOROo- 
and  analogous  to  Reactions  4,  2'  an«I  3'  Such  a  -4^  ;<.:ice  would  lead  to  torn* .at ion  of  trihydroporns- 
ide  and  dihydroncroxy  ketone  products.  In  the  case*  vfccre  these  react  ions  c<»uld  occur,  i  c.  ,  in 
esters  containing  C7  and  C<  sll.anoyloxy  pro.:  this  Mr.plilicatmn  was  f..u:'d  to  intr  duce  an  error 

of  less  than  lr.  Expression  All  was  derived  a-'-u:*  :rc  that  all  meta>lable  t,  .T-lUA  il  •  O  species 
produced  during  induction  period  decompose  e  mate!;,  and  do  not  contribute  t  •  f  — < h  *H | . 

In  expressions  A!  and  All.  a^.  aT).  h(-  ar.d  o,.  represent  ratios  of  rate  constants  for  in¬ 
fra- and  interrtoleeular  abstraction  re  ictio\>.  g  ^  and 

M-o  S'  kjfKHi.  respectively,  and  c  the  ratio  k„  f.  .  .Hi.  In  these  ratios,  all  rate  '•<  nstanis  mav 
be  expressed  by  the  products  cf  corres;«:-n*J:ng  rate  c  nstants  on  per  hydrogen  atom  basis  and  <>f 
average  number  of  available  hydrogen  atom.?  for  c  *r  re,  ponding  austractior  reaction.  N  T*> 


and 


k  .  .  H  -atom  N . 


I  k^lRH) 


k3  Tl-atom 


■Vjdtih  |3i  111  NjiRII) 


AID) 


V'Y11'  fnsirr 


AIV) 


kg/H-atom  N^(RH) 


AV) 


where  i_  represents  G  or  D. 

The  values  of  aj  and  b^  may  be  calculated  frorr  Equation  A  III  and  AIV  assuming  that  the 
ratios  of  rate  constants  expressed  on  per  hydrogen  atom  basis,  \\  and  b|  II.  for  similar  ester 
systems  are  the  same.  Tho  values  of  a4  and  b^  listed  in  Table  Al-I  were  obtained  using  the  values 
of  ratios  H.^ll  and  II  etp'ol  to  2*1.3.  2m.  3.  1033  ami  320,  respectively.  Those  val¬ 

ues  were  derived  from  the  study  of  PETH  autox.dat  tor.  at  1^0’C  assuming  that  the  ratios  do  r«»t 
change  with  temperature  significantly.  The  nveiage  numbers  of  hydrogen  atoms  lor  abstraction  re¬ 
actions  (Nj  in  Table  Al-I)  were  estimated  from  the  structure  of  ester  systems  and  availability  of 
hydrogens  assuming  that  the  concentrations  of  abstracting  isomeric  peroxy  radicals  of  given  type 
are  equal. 

Substituting  a^,  bj  and  e  Into  Equation  IH  gives  G'-function  in  Equation  IV 


G*  fa, , b|t kj./ (kj/H) ,  Nj ,  ( RH) , n , (AH)]  «  j- 


J[ _ _  a  *  ^c(AH) 


cf,'  Iftl 


AVI) 
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where 
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'I 


I 

I 


G  <k3  'H).Nj.IRHt.n.(A!l>t.(Ali)  j  jjj  -  ij  [|(AII)(  -  <A1I)(  |]  - 


-  in 


(Ali>,  L 

(Alfj  "  2c 


<  l>c(AH)t  •  i  iAH>* 


a  bc(AH)  c'iAHi* 


„  (AH)"  [a  *  Lc(A!D  •  c  <AH)‘| 

f  -Hr- - °  • 

(AH)'  (fl  *  bc(AH)  *  c*(AH)  ] 

O  It 

(2c (AH)  ♦  b  -  qj  (2c(AH>  -  b  *  qj 

£  t  v 

n  (2c(AH)t  -  b  -  q]  [J2c(AH>o  *  b  -  qj 


AVI!) 


where 


q  = 


2  Y  -  b  {or  ♦■^1 

_  a 

q 


The  value*?  of  a*.l  comi»»site  constant*  used  in  Equation  AVI!  far  all  ester  systems  db- 
cusseii  in  this  study  arc  in  1  able  Al-i. 

In  the  absence  of  intramolecular  abstracted  reactions,  the  composite  rate  constants  r. . 

0  and  5  are  all  equal  t->  zer For  such  systems  (svsten.s  T  in  this  wor)  i  ^quaiio*'  AVTI  becomes 

o’  lkg'(k3  >l).Nj.(KH>.n,(AH)t.(AII)o1 

[= -i]  [»»>,-<»,  vJ-i*'jSr 

APPENDIX  2 

NCMKRICA  I,  rVALl  ATTON  OF  THE  RATIO  OF  i\"l'FCRA  IS  IN  LQl  ATION  \TII 

The  values  for  the  ratio  of  integrals  in  Equation  VIII  were  obtn.ned  numerically  usi.  g  tne 
CADRE  numerical  quadrature  algorithm  in  the  Ed  SI.  ho-arv  <~)  Th*»  calculmiuris  were  done  m 
single  precision  using  a  PEC-!o  con.}*utcr  system. 

As  mentioned  above,  each  integral  equation  used  to  obtain  an  individual  Inhibition  reru-d 
Equation  VII  slowly  diverges  as  (AH){  approaches  where  at  iAH>t  iAH»0  the  integral  is  not 

defined.  To  avoid  this  singularity  each  integration  wa-  dor.e  from  a  value  i.AH>t  -  £  iAmo  lor  a  va’- 
ue  E  near  but  not  equal  to  1.  To  show  how  sensitive  the  integrals  and  their  ratio  are  to  values  off* 
the  results  of  a  *yp<cai  caicu.alion  for  two  systems,  I  and  JJ.  arc  riven  in  Table  A 2-1.  Notice  that 
the  values  of  Individual  integrals  increase  as  £  approaches  I.  However,  the  ratio  of  Integrals, 
I^/P\  converges  to  a  constant  value  (column  q.  Tabic  SA-D. 

The  result*  in  Tabic  2A-I  demonstrate  an  interesting  dichotomy.  The  values  obtained  for 
the  Individual  integrals  depend  on  what  value  is  chosen  f»r  £ .  If  one  defines  a  critical  concentra¬ 
tion  (AH)C  -  (A!D0  -£*tAI!i0.  it  is  see  i  from  Table  A 2-1  that  as  (AH)C  charges  from  1  \  10-^  to  1  x 
10“®  the  Integrals  for  both  system  increase  bv  a  factor  of  3  or  more.  The  limits  of  integration.  ,s 
given  by  Equation  VI,.  correspond  to  a  system  having  ar.  infinite  inhibition  time.  One  must  *nt re¬ 
duce  some  value  of  £  other  than  J  or  cnange  the  form  of  the  kinetics  tc  obtain  a  finite  value  for  the 
inhibition  period.  Thus,  one  can  speculate  what,  it  ary,  physical  significance  can  be  placed  on  £ 
and  Is  it  the  same  for  all  systems,  as  was  assumed  here.  This  should  he  contrasted  to  the  fact  'hat 
the  ratio  cf  integrals  converges  to  a  constant  value  as  i  u^-rt  aches  i.  This  implies  thai  equation 
vm  Is  simply  ft  function  of  I*  and  1^  which  is  determined  primarily  bv  the  value  at  <AH)0.  Thus, 
the  ratio  should  be  able  to  be  obtained  without  doing  the  integration. 


"  T«ii  .A  -_5.r<L :  vC*_ 
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300 
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Figure  1.  A  plot  of  inhibition  periods  from  the  PAN  inhibited  autexidatioi 
pentaerythrityl  alkanoates  at  232*C  (1)  vs.  a  reactivity  paratne 
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For  this  paper,  we  have  chosen  to  obtain  ihe  ratio  numerically,  using  S  -  .9999.  How¬ 
ever,  the  possibility  of  obtaining  the  same  result  from  l1  and  l*1  directly  is  being  explored. 
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Wear  Asymmetry — A  Comparison  of  the  Wear  Volumes  of 
the  Rotating  and  Stationary  Balls  in  the  Four-Bail  Machine 

P.  A.  WILLERMET  (Member.  ASl.E)  and  S.  k.  RAND  AH 
Ford  Motor  Company 
Dearborn,  Michigan  -48121 


The  wear  behavior  of  two  lubricant  base  stoeb.  a  pentaeiythrityl 
ester  and  a  synthetic  hydrocarbon,  was  investigated  with  the  Four- 
Ball  machine.  Wear  volumes  of  the  stationary  balls  were  evaluated 
from  the  wear  scar  diameter  and  by  surface  profilometry.  Surface 
profilometry  was  also  used  to  determine  wear  volumes  for  the  ro¬ 
tating  ball. 

The  two  methods  for  evaluating  stationary  ball  wear  were  in 
good  agreement.  Significant  differences  were  found  between  wear 
of  the  rotating  ball  and  wear  of  the  three  stationary  balls.  These 
differences  were  related  to  the  lubricant  and  to  the  test  conditions. 


INTRODUCTION 

In  experiments  employing  the  Four-Ball  machine,  wear 
is  generally  determined  bv  measuring  the  average  wear  scar 
diameter.  Similar  approaches  are  used  with  other  tribol¬ 
ogical  devices.  Two  assumptions  underlie  this  approach:  (I) 
that  the  wear  volume  for  the  stationary  balls  is  directly  re¬ 
lated  to  the  wear  scar  diameter,  and  (2)  that  either  the  same 
is  true  for  the  wear  volume  of  the  rotating  ball,  or  the  wear 
of  the  rotating  ball  is  negligible. 

Feng  ( 1 )  derived  equations  to  relate  the  wear  scar  di¬ 
ameter  to  the  wear  volume  and  to  the  depth  of  the  wear 
scars  on  the  stationary  balls.  He  found  that  his  calculated 
values  for  the  wear  scar  depth  were  in  generallv  good  agree¬ 
ment  with  measurements  made  by  Vinogradov  and  Mo¬ 
rozova  (2).  However,  the  accuracy  of  Feng’s  equation  for 
wear  volume  does  not  appear  to  have  been  widelv  tested. 

Since  the  asperity  contact  area  for  the  rotating  ball  must 
be  equal  to  the  sum  of  the  asperity  contact  areas  for  the 
stationary  balls,  it  is  reasonable  to  expect  that  the  wear  vol¬ 
ume  for  the  rotating  ball  would  be  equal  to  the  sum  of  the 
wear  volumes  for  the  three  stationary  balls.  However,  it  has 
been  pointed  out  that  the  surfaces  are.  in  faii,  exposed  to 
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different  tribological  conditions  (5).  In  contrast  to  the  sta¬ 
tionary  balls,  a  point  on  the  wear  track  of  the  rotating  ball 
experiences  cvclic  variations  in  stress  and  tempet ature  and 
is  periodicallv  exposed  to  the  bulk  lubricant.  Such  factors 
might  lead  to  asvmmetric  wear  of  the  contacting  surfaces. 
Wear  asvmnietrv  would  pose  difficulties  for  the  interpre¬ 
tation  of  wear  test  data  and  for  the  extrapolation  ot  such 
data  to  practical  devices. 

These  issues  would  appear  to  're  important  both  for  data 
analysis  and  for  improved  understanding  of  the  wear  pro¬ 
cess.  Accordingh.  we  have  addressed  them  as  part  of  a 
systematic  stuclv  of  the  v%ear  behavior  of  two  synthetic  base 
stocks,  a  pentaervthritvl  ester  (PETH)  and  a  svmhetic  hy¬ 
drocarbon  (SHC)  earned  out  with  the  Four-Ball  machine. 

EXPERIMENTAL 

Materials 

The  synthetic  hydrocarbon  iSHC)  was  a  commercial  ma¬ 
terial,  predominanllv  a  saturated  it  inter  of  decene-1 .  It  was 
purified  by  percolation  first  through  a  bed  of  silica  gel  then 
through  a  bed  of  alumina  After  purification,  the  ba-e  oil 
was  passed  through  a  it  To  p.M  filter  to  eliminate  particles. 

Pentaervthritvl  tetraheptanoate  iPETH)  was  obtained  bv 
purification  of  a  technical  grade  material  as  described  in 
detail  elsewhere  (■#)•  The  material  used  in  this  studv  v>as 
designated  PDP  in  Ref.  (-/). 

APPARATUS  AND  PROCEDURES 
Wsar  Experiments 

Wear  experiments  were  conducted  using  a  Four-Ball  ap¬ 
paratus  (Brown.  G.E.  modification).  The  wear  specimens 
were  Hoover  A1S1  521  oil  si  eel  balls,  grade  25.  Before  each 
test,  the  balls,  top  ball  chuck,  and  sample  container  were 
thoroughlv  washed  with  Stoddard  solvent  followed  bv  re¬ 
agent  grade  toluene,  acetone,  and  pentane.  The  halls,  ‘am¬ 
ple  container,  and  top  ball  shuck  w ere  assembled,  dried  at 
Kill  then  cooled  to  loom  temperature  in  a  desic\.,:ot. 
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1  he  spindle-  and  drawbar  wcie  tin->ed  with  pentane  to  re¬ 
move  am  eonlaminant'i  fiom  the  previous  run.  Swinges 
used  tor  adding  or  withdrawing  samples  were  cleaned  and 
dried  in  the  same  was. 

Lubricants  were  purged  with  drv  air  before  use.  At  the 
beginning  of  each  run.  9  ml  of  the  lubricant  were  added  to 
the  sample  container  and  the  apparatus  w  as  then  assembled. 
The  liquid  seal  emploved  to  maintain  a  controlled  atmo¬ 
sphere  was  filled  with  the  test  lubricant.  Load  was  applied 
and  purging  with  dry  air  was  begun.  The  sample  was  then 
brought  to  temperature  and  the  test  was  begun.  After  ter¬ 
mination  of  the  experiment,  a  sample  of  used  fluid  was 
withdrawn  and  the  wear  scar  diameter  was  measured  in  the 
usual  manner. 

Wear  Measurements 

The  measured  average  wear  scar  diameters  were  con¬ 
verted  to  calculated  wear  volumes  and  depths  via  the  equa¬ 
tions  (f ): 


0.0109  inch 


STATIONARY  BALL 
WEAR  SCAR 
PROFILE 

x  io4  inch 


ROTATING  BALL 
WEAR  SCAR 
PROFILE 

IO5  inch 


0.0109  inch 


Fig.  1— Typical  wear  acar  profile  traces  tor  a  rotating  and  a  stationary 
ball.  Test  conditions:  SHC  lubricant,  40-kg  load.  100  C,  IS  Hz  (900  rpm). 
Sliding  distance:  840  M. 

Note  the  difference  In  vertical  scale. 


V  =  4.65  x  lO'V*  -  3.21  x  IO*5  W'd 

and 

H  =  1.97  x  lO'-V'  -  2.73  x  10  5 W/rf 

where  I’  equals  wear  volume  in  innv  for  3  balls,  d  is  equal 
to  the  wear  scar  diameter  in  mm.  U  equals  load  in  kg.  and 
H  equals  wear  scar  depth  in  mm. 

Surface  profilometer  measurements  were  carried  out  with 
a  stylus  instrument  having  a  1.3  x  10'*  mm  diameter  tip. 
The  measurements  were  made  without  a  skid.  The  balls 
were  positioned  in  a  holder  which  rotated  diem  under  the 
stvlus  at  (ft  2  x  10"3  m  s.  The  stvlus  load  was  t>.3  g  Rotating 
balls  were  positioned  so  that  the  stvlus  travel >ed  the  wear 
track  at  two  points  180°apart.  Stationarv  balls  were  carefully 
positioned  so  that  the  stvlus  tip  was  resting  on  the  deepest 
point  of  the  wear  scar.  The  stvlus  was  passed  over  the  wear 
scar,  then  the  ball  was  turned  995  and  the  process  was  re¬ 
peated. 

The  profilometer  output  was  displaced  on  a  strip  chart 
recorder.  For  the  rotating  balls,  the  vertical  magnification 
was  1.73  x  105  and  the  horizontal  magnification  was  91.74. 
For  the  stationary  balls,  the  vertical  magnification  was  1.73 
x  IO4.  Typical  recorder  traces  are  displayed  in  Fig.  1.  The 
cross-sectional  areas  of  the  rotating  ball  scars  were  deter¬ 
mined  by  tracing  the  profiles  on  paper  of  known  and  uni¬ 
form  densitv,  then  weighing  the  cut-out  scar  profiles.  Mul¬ 
tiplication  by  the  wear  halo*  circumference  gave  the  wear 
scar  volume.  In  order  to  establish  repeatability,  this  mea¬ 
surement  was  carried  out  six  times  for  one  of  the  smallest 
wear  scars.  The  results  showed  a  mean  standard  deviation 
of  two  percent  for  the  wear  volume.  Although  more  modern 
equipment  would  be  preferable  in  terms  of  experimental 
convenience  and  would  be  able  to  show  small  scale  surface 
features  in  better  detail,  the  repeatability  of  the  technique 
was  more  than  adequate  to  support  the  conclusions  made 

•The  wear  halo  diameter  u  defined  as  the  average  diameter  of  the  two  circles 
which  form  the  inner  and  outer  peripheries  of  the  war. 


in  this  paper.  The  wear  volumes  of  the  stationary  balls  were 
determined  as  follovvs:  the  wear  scale  profiles  as  displayed 
on  the  strip  chart  vu-re  divided  into  (a  2 5  equally  spaced 
segments  along  the  vertical  axis.  The  average  diameter  of 
each  segment  was  carefully  measured  and  the  volume  of 
the  segment  was  calculated  as  a  cylinder.  The  sum  of  the 
cylinder  volumes  was  taken  as  the  wear  volume.  Replicate 
measurements  of  the  traces  established  that  the  repeatability 
of  this  procedure  was  better  than  one  percent.  Wear  vol¬ 
umes  were  determined  for  the  two  traces  made  of  each  scar 
and  averaged.  It  was  generally  found  that  the  wear  scar 
diametei  as  determined  by  profilometry  was  less  than  that 
measure  opticallv.  probably  because  the  deepest  point  of 
the  wear  scar  did  not  correspond  to  the  exact  center.  A 
correction  factor  was  applied  by  multiplying  the  volume  by 
the  square  of  the  ratio  of  the  optically  measured  wear  scar 
diameter  to  the  wear  scar  diameter  as  determined  by  pro¬ 
filometry. 

Replicate  experiments  conducted  with  PETH  and  with 
SHC  under  conditions  giving  low  wear  indicated  that  the 
calculated  wear  volumes  were  reproducible  within  ±  5  per¬ 
cent.  Wear  data  as  a  function  of  time  with  SHC  and  PETH 
suggest  comparable  reproducibility  for  wear  volumes  de¬ 
termined  by  surface  profilometry.  However,  data  for  SHC 
at  sliding  speeds  for  which  wear  was  a  strong  function  of 
speed  showed  a  large  degree  of  scatter. 

The  dimensionless  wear  coefficient.  K,  was  calculated  from 
the  equation  (5), 

K  =  VHldL 

where  V'  is  the  wear  volume,  d  is  the  sliding  distance,  H  is 
the  hardness  (725  kg/mm2),  and  L  is  the  load. 

RESULTS 

Calculated  Wear  Volumes  and  Surface  Profilometry  for 
the  Stationary  Balls 

Because  of  the  care  required  in  properly  aligning  the 
profilometer  stylus,  measurements  on  the  stationary  halls 
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proved  to  be  time  consuming.  For  this  reason,  only  a  limited 
number  of  specimens  were  evaluated.  Good  agreement  was 
found  between  the  measured  and  calculated  wear  scar  vol¬ 
umes  and  depths  (Table  1). 

Wear  Asymmetry 

A  comparison  of  wear  volume  data  for  the  rotating  ball 
and  three  stationary  balls,  based  on  surface  prolilometer 
measurements,  revealed  differences  in  the  wear  factors  for 
the  two  surfaces  (Figs.  2  and  3  and  Table  1).  This  wear 
asymmetry  was  a  function  of  the  sliding  speed.  Different 
results  were  obtained  depending  on  w  hether  PETH  or  SHC 
was  employed  as  the  lubricant.  For  PET  H.  more  wear  was 
found  on  the  rotating  ball  than  on  the  three  stationarv  balls 
(Fig.  2).  For  SHC  (Fig.  3),  this  relationship  was  reversed  at 
sliding  speeds  above  about  13  cm/s.  At  lower  sliding  speeds. 


Rotating  Spood ,  Hz 

Ft*.  3  W— r  volume  from  proMomotor  data  vt  sliding  spood  with  PCTH. 
404g  load.  lOtTC,  sliding  distance  140  M. 


Rotoling  Speed,  Hz 

Fig.  3— Wear  volums  from  profllomstsr  data  va  sliding  apasd  with  SHC. 
40-kg  load,  100  C,  sliding  diatanca:  840  M. 

wear  was  much  greater,  with  more  wear  being  found  on 
the  rotating  ball  than  on  the  three  stationary  balls. 

For  experiments  conducted  under  other  test  conditions, 
the  stationary  ball  wear  volumes  were  evaluated  by  calcu¬ 
lation  onlv.  The  results  of  these  experiments,  however,  agree 
qualitatively  with  those  cited  above  (Table  2). 

DISCUSSION 

Tha  Significance  of  Wear  Asymmetry  for  Wear  Testing 

The  practice  of  characterizinging  wear  in  the  Four-Ball  ma¬ 
chine  bv  measuring  the  wear  scar  diameter  rests  on  the 
assumption  that,  for  a  given  load,  the  wear  volume  of  the 
stationarv  ball'  is  uniquely  determined  bv  the  wear  scat 
diameter.  The  experimental  data  presented  here  are.  in¬ 
deed.  consistent  with  that  view. 

However,  die  rotating  ball  wear  does  not  apjH'ar  to  be 
uniqtielv  related  '<>  wear  of  the  stationary  balls.  Since  the 
wear  of  oilicallv  stressed  components  may  be  of  critical 
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importance  in  practical  devices,  it  may,  therefore,  be  of 
value,  depending  on  the  end  use  of  the  data,  to  include 
evaluation  of  rotating  ball  wear  along  with  wear  scar  di¬ 
ameter  measurements. 

Factor*  Underlying  Wear  Asymmetry 

Two  factors  which  might  reasonably  be  expected  to  be 
related  to  wear  asymmetrv  are  fatigue  wear  and  lubricant 
chemical  effects.  Although  fatigue  processes  may  occur,  fa¬ 
tigue  wear  cannot  account  for  al!  the  experimental  obser¬ 
vations.  In  order  to  establish  whether  the  phenomenon  is 
related  to  lubricant  chemistry,  an  additional  series  of  ex¬ 
periments  will  be  required. 

Fatigu*  Wear 

Fatigue  wear  should  result  in  higher  wear  on  the  cyclically 
stressed  rotating  ball.  This  is  not  consistent  with  the  exper¬ 
imental  results  for  SHC  at  sliding  speeds  above  15  cm/s.  By 
analogy  with  rolling  contact  fatigue,  fatigue  wear  in  sliding 
contacts  would  be  expected  to  be  highly  dependent  on  the 
maximum  Hertz  stress.  Wear  data  for  PETH  and  for  SHC 
as  a  function  of  test  time  show  that  the  wear  rates  remained 
constant  despite  substantial  reductions  in  the  maximum  Hem 
stress  (Figs.  4, 5,  and  6).  Fatigue  wear  in  the  very  early  stages 
of  the  wear  tests  with  PETH  cannot,  however,  be  ruled  out 


Fig.  4— Wear  vs  test  ttms  with  SHC  undsr  conditions  producing  high 
wssr.  40-kg  load,  100°C,  Sliding  spttd;  1.87  Hz  (3.9  cm's).  MM 
mezimum  Hertz  stress  ■  3400  MPa,  final  maximum  Hertz  stress 
-  710  WPS. 

on  this  basis  since  the  initial  wear  rate  was  clearly  higher 
(Fig.  5). 

The  increase  in  wear  found  for  SHC  at  low  sliding  speeds 
suggests  a  transition  to  fatigue  wear  as  a  result  of  the  lower 
strain  rate.  Such  a  transition  would  be  expected  to  be  re- 
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Fig.  5 — Wear  vt  test  time  with  PETH,  40-kg  load.  100  C.  sliding  speed  * 
10  Ht  (23.3  etna).  Initial  maximum  Heru  stress:  3400  MPa,  final 
maximum  Hertz  stress  ■  850  MPa. 


Fig.  0— Wear  vs  test  time  with  SHC  under  conditions  producing  low  wear. 
40-kg  load,  100'C  sliding  speed  10  Hz  (23.3  cm  s).  Initial  maximum 
Hertz  stress  »  3400  MPa,  final  maximum  Hertz  stress  -  660  MPa. 


fleeted  in  the  surface  morphology.  Examination  of  the  sur¬ 
face  profiles  produced  at  different  sliding  speeds  do  not 
support  this  idea  (Fig.  7).  In  addition,  no  pits  or  spalls  could 
be  found  in  the  wear  tracks  under  optical  microscopy  at  a 
magnification  of  200 x  for  either  SHC  or  PETH. 

Lubricant  Chemistry 

We  have  previously  reported  that  autoxidation  of  PETH 
produces  diacid  monoesters  which  lead  to  increased  wear 
(6).  By  contrast,  preliminary  experiments  indicate  that  the 
autoxidation  products  of  the  synthetic  hydrocarbon  have 
relatively  little  influence  on  wear,  and  even  decrease  wear 
under  some  conditions. 

This  divergence  in  the  effects  of  autoxidation  on  wear 
behavior  parallels  the  divergence  observed  in  wear  asym¬ 
metry  between  PETH  and  SHC.  This  observation  suggests 
the  hypothesis  that  lubricant  oxidation  in  the  wear  /one 
may  be  a  cause  of  wear  asymmetry.  Preliminarv  data  pub¬ 
lished  in  Ref.  (6)  are,  indeed,  consistent  with  the  idea  that 
lubricant  oxidation  products  influence  wear  asvmmetrv. 
Factors  such  as  differences  in  surface  temperature  and  cyclic 
exposure  of  the  rotating  ball  to  the  hulk  lubricant  together 


fc^>l40KQ  Load 


Sptad ,  cm  /  sac 


Fig.  7— Wtsr  scar  profiles  for  stationary  balls  with  SHC  va  sliding  spaed. 
100’  C,  sliding  distance  -  840  U. 


with  the  different  effects  of  the  oxidation  products  could, 
perhaps,  account  for  the  observed  effects.  Further  work 
will  be  required  to  test  this  hypothesis. 


CONCLUSIONS 

A  systematic  comparison  of  wear  on  the  stationary  and 
rotating  balls  of  the  Four-Ball  machine,  using  two  lubri¬ 
cants,  led  to  the  follow  ing  observations: 

1.  The  wear  volume  of  the  rotating  ball  is  not,  in  general, 
equivalent  to  the  wear  of  the  three  stationary  balls. 

2.  The  distribution  of  wear  between  the  contacting  sur¬ 
faces  was  a  function  of  test  conditions  and  was  different 
for  PETH  and  for  SHC. 

3.  The  wear  asymmetry  observed  in  these  experiments 
appears  to  be  related  to  lubricant  chemistry.  Further 
work  is  required  to  elucidate  this  possibility. 
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DISCUSSION 
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Washington,  DC  20234 

The  authors  are  to  be  commended  for  undertaking  a 
careful  study  on  the  very  important  but  oiten  neglected 
aspect  of  wear  measurement  in  the  4-ball  machine. 

The  idea  of  better  measuring  wear  volume  or  the  total 
amount  of  wear  has  been  attempted  bv  main.  E.  E.  Klaus 
at  the  Pennsylvania  State  University  had  conducted  many 
such  investigations  on  mineral  oil  systems,  and  concluded 
that  wear  scar  or  wear  volume  determined  be  Feng's  equa¬ 
tion  generally  correlated  verv  well  with  the  total  amount  of 
wear  debris  collected.  In  this  paper,  the  authors  used  a 
surface  profilometer  to  measure  wear  volume  directlv.  We 
have  been  pursuing  along  the  same  line,  and  wish  to  point 
out  that  to  measure  the  wear  scar  surface  profile  on  a  '/.-in 
ball  with  a  0.55-mm  wear  scar  is  not  an  ease  task.  The 
authors  mentioned  that  they  positioned  their  stylus  tip  on 
the  deepest  point  of  the  wear  scar  and  then  the  stylus  was 
passed  over  the  wear  scar.  How  did  the  authors  determine 
the  deepest  point ?  And,  how  was  the  calibiution  conducted ? 
Basicallv,  by  rotating  the  ball  under  the  sty  lus.  one  is  taking 
the  spherical  curvature  out  i.e.,  the  surface  of  the  ball  yvould 
be  a  straight  horizontal  line.  However,  the  wear  volume  is 
a  concave  spherical  segment  on  a  convex  spherical  segment. 
What  is  the  effect  of  linearizing  one  on  the  dimension  of 
the  other.-  The  authors  found  wear  scar  diameter  deter¬ 
mined  by  profilometrv  was  less  than  that  measured  optically. 
Could  this  be  the  reason? 

We  generally  agree  with  the  authors'  assessment  on  wear 
asvmmetrv  i.e.,  the  cause  of  the  observed  difference  in  yvear 
between  the  rotating  ball  and  the  stationary  balls  probably 
lies  in  the  chemistry  of  the  fluids.  What  are  the  viscosities 
of  the  tyvo  fluids  and  their  viscosity  temperature  relation¬ 
ship?  Looking  at  Figs.  3  and  4,  one  sees  the  increasing 
influence  of  elastohydrodvnamic  component  as  the  speed 
is  increased,  i.e..  loyver  wear  at  increasing  speed.  We  have 
observed  this  trend  in  many  purified  mineral  fluids.  Even¬ 
tually,  at  high  speeds,  the  wear  increases  again  as  illustrated 
by  the  rotating  ball  wear  for  PE TH  in  Fig.  3. 

Looking  from  this  perspective,  all  four  yvear  curves  in 
Fig.  3  and  Fig.  4  should  behave  alike.  Figure  4  data  illustrate 
this  point.  It  has  been  suggested  that  this  behavior  could  be 
related  to  the  transition  temperatures  of  the  lubricating  film 


system.  1  hen  yyh.it  has  been  observed  In  the  authors  may 
be  related  to  different  surface  temperatures  at  the  rotating 
ball  and  the  stationary  balls  surfaces.  The  idea  of  the  lu- 
btiiant  decomposition  produc  ts  preferentially  attac  king  more 
on  one  surface  and  not  equally  on  the  other  surface  remains 
to  be  proyen  as  suggested  bv  the  authors. 

Again,  the  authors  should  be  commended  for  an  inter¬ 
esting  work  on  a  very  basic  and  important  aspect  of  yvear 
measurement. 

AUTHORS'  CLOSURE 

We  thank  Stephen  Hsu  for  a  perceptive  discussion  of  the 
experimental  results.  As  he  points  out,  these  measurements 
are  not  easy  to  make,  yvhirh.  in  part,  explains  why  they  are 
so  seldom  reported. 

The  deepest  points  on  the  wear  scars  of  the  stationary 
balls  yvere  determined  as  follows:  The  stylus  tip  was  placed 
near  the  center  of  the  scar.  I’he  minimum  profile  trace  yvas 
found  while  rotating  the  hall  through  small  arcs  parallel 
and  perpendicular  to  the  sty  lus  sliding  direction.  After  the 
profiles  were  made,  the  intersection  of  the  two  marks  made 
by  the  stylus  was  located  under  a  microscope.  Bv  focusing 
on  this  intersection,  it  yvas  determined  that  the  deepest  part 
of  the  wear  scars  had  been  located. 

Wear  scar  profiles  were  independently  determined  op¬ 
tically  tot  several  stationary  balls.  The  ball  was  moved  across 
the  stage  of  a  1500  power  microscope.  The  vertical  dis¬ 
placement  required  to  focus  the  microscope  at  each  of  sev¬ 
eral  points  across  the  yvear  sc  ar  was  used  to  generate  a  wear 
scar  profile. 

Since  the  depths  of  the  wear  scars  were  very  much  less 
than  the  ball  radius,  the  effect  of  linearizing  the  ball  surface 
was  negligible. 

As  indicated  in  the  paper,  the  differences  betrveen  the 
scat  diameters  as  determined  bv  profilometrv  and  those 
measured  optically  were  attributable  to  the  deepest  point 
of  the  wear  scars  being  off-center.  This  could  be  clearly 
seen  under  the  microscope. 

The  shapes  of  the  wear  versus  sliding  speed  curves  do 
appear  to  be  qualitatively  similar,  but  displaced  on  the  co¬ 
ordinate  axis  as  indicated  bv  the  discusser.  We  prefer,  at 
present,  to  consider  this  effect  as  being  due  to  changes  in 
surface  reaction  tales  engendered  by  changes  in  surface 
temperature  and  residence  time  rather  than  attributing  it 
to  elastohy  drodynamic  effects. 


Autoxf dation  of  n-Alkanes:  Isomerization  and  Cyclization 
Reactions  of  Hydroperoxyalkyl  Radicals,  by  S.  Korcek, 

L.  R.  Mahoney,  R.  K.  Jensen,  and  M.  Zinbo,  presented  at 
3*^  International  Symposium  on  Organic  Free  Radicals, 
Freiburg,  West  Germany,  August  31-September  4,  1981, 
Abstracts,  Wo.  M3. 


AUTOXI0ATION  Of  n -ALKANES 

S.  Korcek.  L.  R.  Mahoney,  R.  K.  Jensen,  and  M.  Zinbo 


Research  Staff,  ford  Motor  Company,  P.Q.  Box  2053,  Dearborn,  Michigan, 
48121,  U.S.A. 

Kinetics  and  mechanism  of  liquid  phase  autoxidatfon  of  n-hexadccane 
have  been  studied  at  120-180°C  using  the  stirred  flow  reactor.  A 
reaction  scheme  consistent  with  the  analytical  results  obtained 
Includes,  in  addition  to  prevojsly  observed  reactions,  intramolecular 
o,Y  and  a, a  hydrogen  abstraction  reactions  of  peroxy  radicals  and  an 
o.y-cleavage  reaction  involving  decomposition  of  di-  and  trifunctional 
a.T-hydroperoxyketone  species.  The  latter  reaction  leads  to  the  forrra- 
tin"  of  methyl  ketones  and  carboxylic  acids,  from  the  results  of 
studies  at  oxygen  pressures  from  5  to  110  kPa  the  a.v  and  a,t  intra¬ 
molecular  reactions  have  teen  found  to  be  reversible.  Evidence  for 
the  formation  of  cyclic  ether  species  at  lower  oxygen  pressures  studied 
was  obtained.  The  rates  of  initiation  for  this  system  were  measured 
and  absolute  rate  constants  for  the  above  reactions  have  been  deter¬ 
mined. 


Rate  of  Initiation  in  the  Autoxidation  of  jv-Hexadecane  at 
Elevated  Temperatures,  by  S.  Korcek,  R.  K.  Jensen, 

L.  R.  Mahoney,  and  M.  Zinbo,  presented  at  Symposium  on 
Free  Radicals  at  the  65th  CIC  Conference,  Toronto,  Canada, 
May  30-June  2,  1982,  Abstracts,  No.  0R5-6. 

x  RATE  OF  INITIATION  IN  THE  AUTOXIDATION  Of  n-HEXADECANE  AT  ELEVATES  TE"-ERA- 
0R5-0  TUSES.  S.  Korcek,*  R.  K.  Jensen,  L.  R.  Mahoney,  and  M.  Ztnto.  ford  Motor 
Company  -  Research,  SRL  -  Rm.  3193.  P.0.  Box  2053,  Dearborn,  MI  45121** 

Kinetic  and  mechanistic  studies  of  the  autoxidation  of  n-hexadecano  at  elevated 
temperatures,  carried  out  in  our  laboratory  using  a  stir-ed  flow  reactor  tea-nio.e. 
yielded  values  of  tne  ratios  of  rate  constants  for  intra-olecular  and  i.-.ter-o’^ecu.ar 
hydrogen  abstraction  reactions  of  hexadecyloeroxy  radicals  at  120,  16C.  an  s  i  J-  An. 

Cham.  Soe.,  101,  7574  (1979);  103,  1742  (lSol!).  Absolute  rate  constants  for  these 
reactions,  however,  can  only  be  obtained  if  me  rate  of  initiation.  Rt.  under  me 
conditions  utilized  in  the  above  studies  is  known.  In  low  temperature  autox idaticns 
R<  Is  maintained  at  known  and  constant  rate  sy  the  addition  of  initiators,  cut  at  e.evatec 
temperatures  Ri  varies  oepondinn  rot  only  on  reaction  conditions  o^t  also  cn  degree  o 
Conversion  since  initiation  processes  occur  r-ainly  due  to  reections  of  Primary  cxi-ation 
products.  In  this  work,  we  describe  and  discuss  various  approaches  used  ';<■  cete—ina.ion 
Of  Ri  at  elevated  te  -peratures .  These  approaches  include  determinations  o*  .rcrn  the 
rat*  of  formation  of  termination  products,  from  the  length  of  the  inhibition  period 
caused  by  addition  of  antioxidant,  and  from  the  initial  rate  of  antioxidan.  cans-  ution, 

••TM$  work  was  supported  in  part  by  the  Air  force  Office  of  Scientific  Research  under 
Contract  F4S62Q-S3-C-G061 


Liquid  Phase  Autoxidation  of  Organic  Conpounds  at  Elevated 
Temperatures,  by  S.  Korcek,  R.  K.  Jensen,  L.  R.  Mahoney,  and 
M.  Zinbo,  presented  at  Symposium  on  Inhibition  of  Liquid- 
Phase  Autoxidation  Reactions,  ACS  Meeting,  Kansas  City, 
September  12-17,  1982,  Abstracts,  flo.  ORGH  27. 


27.  LIQUID  PHASE  AUTOXIDATION  OP  ORGANIC  COMPOUNDS  AT  ELEVATED  TEMPERATURES*.  S.  Tercet, 
R.  A.  Jensen,  L.  R.  i'ahoney,  and  M.  Zinso;  Ford  Motor  Company,  Research,  R-n .  31  S3-  ' 
SRL,  P.0.  Box  2C53,  Dearborn,  HI  48121. 

Results  of  kinetic  and  mechanistic  studies  of  the  autoxidation  of  n-hexadecane 
and  pentaeryf-ri  tyl  tetraheptcnca  te  at  120  to  2235C  will  be  reviewed.  Kinetic  information 
on  interrr, olecular  and  x,-.  ar.d  x.i  intramolecular  hydrogen  abstraction  reactions  of  peroxy 
radicals,  on  the  cleavage  reaction  of  x.v-hyprepe'-oxyketones,  and  on  Isomerization  and 
cyclization  reactions  of  nydrcperoxyalkyl  racicals  will  be  presented.  The  iirpl ications 
of  the  occurrence  cf  these  reactions  with  regard  to  the  r.ecnanisns  of  autoxidation  of 
organic  compo-ros  and  to  the  inhibition  of  autoxidation  in  the  liquid  phase  at  elevated 
temperatures  will  be  discussed. 

•This  work  was  supported  in  part  by  the  Air  Force  Office  of  Scientific  Research  under 
Contracts  F44623-75-C-G0S7  and  F49620-80-C-0061  . 


Reactions  of  Alkylperoxycyclohexadienones  during  Autoxidation 
Inhibited  by  Hindered  Phenols  at  Elevated  Temperatures,  by 
R.  K.  Jensen,  S.  Korcek,  L.  R.  Mahoney,  and  M.  Zinbo,  presented 
at  Symposium  on  Inhibition  of  Liquid  Phase  Autoxidation  Reactions 
ACS  Meeting,  Kansas  City,  September  12-17,  1982,  Abstracts,  !Jo. 
ORGN  28. 


28.  REACTIONS  OF  ALKHPS’OXVCYCLOHEXADIEtCNES  DURING  AUTOXIDATION  INHIBITED  BY  HINDERED 
PHENOLS  AT  ELEVATED  TE'-'cc MATURES.*  R.  .  Jensen.  S.  korcek,  l.  R.  Mahoney,  and  H. 
Zinbo,  Ford  Motor  Company,  SRL  *  Rra.  3198,  P.C.  Sox  2053,  Dearborn,  MI  48121. 

The  alkylperox/cyclohexadienone  products  of  the  interaction  of  hindered  phenols  with 
peroxy  radicals  are  unstable  at  elevated  te-oerat.res  and  undergo  both  non-radical  and 
radical  deco_?ositic r.  reactions.  The  latter  reaction  contributis  to  initiation  and  gov¬ 
erns  the  efficiency  of  the  pr.er.ol  as  an  antioxidant.  In  order  to  assess  this  contribu¬ 
tion  in  the  in-ipition  of  n-hexadecane  autorication  by  2,E-di-tert-butyl-4-rethylphenol, 
we  have  Investigated  the  decomposition  reactic-"S  cf  a  series  of_I^alkylperoxy-4-rethyl-2, 
6-di-tert-but>:cy: .f-exadienones  (Q00P;  R  *  (CJ2',~C- ,  tetralyl-,  1-.2-,  and  5-CifHjj-)  in 
the  presence  of  tne  parent  c-en.al  at  163  and  Kinetic  analyses  of  the  results 

yielded  values  of  rate  constants  for  both  deco-position  reactions  which  allow  the  deter¬ 
mination  of  rate  of  initiation  in  aotoxidizirg  n-hexadecane  at  elevated  temperatures  using 
the  inhibitor  metnod. 

*Tnis  work  was  supported  by  the  Air  Force  Office  of  Scientific  Research  Under  Contract 
F49620-80-C-0361 . 


